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Development of the Formal Reasoning Abilities of College Students in a General 
Chemistry Guided-Inquiry Laboratory
Chairperson; Mark S. Cracolice ^  ’
Reform efforts in science education have been galvanized around the idea that 
instruction based on inquiry will increase science achievement and promote the 
development of higher-order thinking skills. The problem with many inquiry-oriented 
curriculum materials at the college level that aim to increase conceptual understanding of 
science is the implicit assumption that students are already skilled in higher-order 
thinking. Research has shown that only 25% of college freshmen consistently apply these 
skills. The purpose of this research study is to compare the effectiveness of a formal- 
reasoning-centered to a chemistry-concept-centered general chemistry guided-inquiry 
laboratory curriculum. Each curriculum was delivered during twelve laboratory meetings 
over a period of one semester to a sample of 91 college students enrolled in a first-term 
general chemistry course. Measures used in this study include the ability to use formal 
reasoning skills, the ability to abstract use of formal reasoning from context, 
understanding of chemistry concepts, and perception of learning gains (attitude).
The results of this research show that a formal-reasoning-centered curriculum is more 
effective than a chemistry-concept-centered curriculum on specific-transfer measures of 
formal reasoning using a chemistry context. No differences between the two curricula 
were found on specific- or nonspecific-transfer measures of formal reasoning using a 
general (non-chemistry) context. Students using a formal-reasoning-centered curriculum 
were more able to abstract use of formal reasoning from context. No differences between 
the curricula were found on measures of understanding chemistry concepts. Students 
using a chemistry-concept-centered curriculum reported more positive attitudes towards 
laboratory-based instruction.
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This dissertation is dedicated to my family. They have always 
supported the choices I  have made and the paths I  have taken.
THE ROAD NOT TAKEN
Two roads diverged in a yellow wood,
And sorry I could not travel both 
And be one traveler, long I stood 
And looked down one as far as I could 
To where it bent in the undergrowth;
Then took the other, as just as fair.
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there 
Had worn them really about the same.
And both that morning equally lay 
In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.
I shall be telling this with a sigh 
Somewhere ages and ages hence:
Two roads diverged in a wood, and I- 
I took the one less traveled by,
And that has made all the difference.
Robert Lee Frost, 1874-1963
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CHAPTER I 
INTRODUCTION
The topics covered here provide a background to the research problem 
investigated in this study. The purpose of the study is outlined and specific research 
questions are detailed. A brief introduction to the theoretical foundations provides the 
framework for the proposed research hypotheses.
Problem Background
Results from the 2000 National Assessment of Educational Progress (NAEP) 
science assessment have once again focused the public’s attention on the crisis in science 
education. In the years from 1996 to 2000, the percentage of twelfth-grade high school 
students in the United States who had at least a basic understanding of science decreased 
from 57% to 53% (NAEP, 2001). The assessment is designed to measure three 
characteristic elements of knowing and doing science: conceptual understanding, 
scientific investigation, and practical reasoning. The scores are reported as average scale 
scores and as percents of students performing at or above various achievement levels. 
The achievement levels are defined as advanced, proficient, and basic, with the national 
standard set at the proficient level for all students. The assessment was first administered 
in 1996 to a sample of fourth, eighth, and twelfth-grade students across the nation. At the 
fourth-grade level only 29% of the students were at or above the proficient level; at the 
twelfth-grade level only 18% are at or above proficient. Results from the NAEP science 
assessment are corroborated by the results from the Third International Mathematics and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Science Study (TIMSS), which showed that the performance of U.S. twelfth-grade 
students was among the lowest of all participating countries (TIMSS, 2001).
Given these data, it is no surprise that once again there is a call for science 
education reform in the country (Yager, 2000b). Since the launch of Sputnik in 1957, 
many millions of dollars have been spent and many laws have been passed to enact 
science education reform (Gibbs & Fox, 1999; Shymansky, Kyle, & Alport, 1983; Slavin, 
2002). The curriculum reform projects of the 1960s sought to produce teacher-proof 
materials with an emphasis on inquiry (Yager, 1992). The Japan shock of the 1980s 
resulted when the U.S. realized that it was not competing well at the international level 
(Gardener & Yager, 1983b; Lawson, 1990). Calls made to increase the number of 
teachers, increase salaries, and increase enrollment in science courses were only a few of 
the initiatives proposed to resolve the crisis (Yager, 1984,2000b; Yager & Penick, 1987). 
In the current crisis of the new century, the focus of education reform is on accountability 
for student learning as measured by standardized tests. However, critics of standardized 
assessments contend that they are poor measures of learning, force teachers to narrow the 
curriculum, and emphasize rote factual learning strategies tailored to teach to the test 
(Moore, 2001; Smith, 1991; Yeh, 2001). Yet in January 2002, President George W. Bush 
signed into law the No Child Left Behind Act which has a strong emphasis on 
accountability for student achievement:
“They talk about teaching to the test. But let's put that logic to the test. If 
you test a child on basic math and reading skills, and you're teaching to the 
test, you're teaching math and reading.” (Bush, 2001)
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Previous reform efforts in science education have been criticized as lacking any 
real correspondence to existing problems (Yager, 1992). Gardner and Yager (1983a) state 
that “Too many want quick-fixes, simple solutions, actions that exist on a practical level 
... too few are concerned at the purpose level.” This purpose was delineated in 1996 
when the National Research Council (NRG) released the National Science Education 
Standards (NSBS). The standards identified major goals that helped to direct future 
reform efforts (NRC, 1996). A major goal of the science standards is the use by teachers 
of inquiry-based teaching methods to increase understanding of science concepts by 
students, develop their scientific thinking skills, and improve their attitudes toward 
science. Inquiry instruction is characterized by an environment in which instructors 
facilitate efforts by students to understand new concepts, as opposed to expository 
instruction in which instructors provide defmitions of concepts for students. Yager 
(2000b) states that “If school reform as described in NSES is to become a reality by the 
year 2005, the focus of schooling must shift ftom passive acquisition of facts and routines 
to the active applications of ideas to problems ... [Teachers] must be able to teach higher 
order thinking in order to prepare students for the world they will face in the future.” The 
importance of thinking skills is reflected in the science standards set forth by both the 
NRC and the American Association for the Advancement of Science (AAAS) (AAAS, 
1993). In an article written for the campus newspaper while at Morehouse College,
Martin Luther King Jr. stated that
“To save man from the morass of propaganda, in my opinion, is one of the 
chief aims of education. Education must enable one to sift and weigh 
evidence, to discern the true from the false, the real from the unreal, and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the facts from the fiction. The function of education, therefore, is to teach 
one to think intensively and to think critically.” (King Jr., 1948)
Thinking skills represent a comprehensive set of cognitive abilities that enable an 
individual to “know how” to do something. These skills have been broadly defined as 
critical thinking, problem solving, formal reasoning, or higher-order thinking, and also 
more narrowly defined as generating hypotheses or identifying proportional relationships 
(Lawrenz, 1990; Lewis & Smith, 1993; Resnick, 1987). In this study, thinking skills are 
defined as the set of operations or schemata (e.g., control of variables, proportional 
reasoning, combinatorial logic, probabilistic reasoning, correlational reasoning) that 
represent the quality o f thought characteristic of a post-adolescent individual. The 
developmental theory of Jean Piaget (1958) posits that the quality of thought of an 
individual undergoes qualitative changes through a succession of stages. The final stage, 
formal-operational, is the highest developmental level that can be achieved.
Many research studies have found a link between developmental level and 
success in science courses (Cohen, Hillman, & Agne, 1978; Kilodiy, 1975; Lawson, 
1982a; Lawson, Alkhoury, Benford, Clark, & Falconer, 2000; Lawson & Renner, 1975; 
Marek, 1981; Strang & Shayer, 1993). Most of these studies were designed to test the 
effectiveness of inquiry-teaching methods. These same studies have also provided 
evidence that many high school and college students do not possess the ability to use 
formal reasoning skills. The percentage of students that have the ability to consistently 
use formal reasoning schemata has remained at approximately 25% over the past three 
decades of science education research (Bitner, 1991; Lawson & Blake, 1976; Lawson & 
Renner, 1974; Niaz & Lawson, 1985; Valanides, 1999). The irony of this result becomes
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clear as the curricular reforms that aimed to increase student achievement within an 
inquiry framework assumed formal reasoning rather than attempting to develop formal 
reasoning (Kohlberg & Gilligan, 1975). Science instructors “did not consider it their 
responsibility to develop these skills, yet they mentioned that most students lacked them" 
(Hilosky, Sutman, & Schmuckler, 1998).
In a review of the research, Lawson (1985) concluded that the modes of formal 
reasoning (e.g., control of variables, proportionality, correlations) can be successfully 
taught. However, many studies have found negative results from such efforts, likely 
because of the short duration and intensity of instruction. One of the more important 
studies by Shayer and Adey (Adey & Shayer, 1990; Shayer & Adey, 1992a, 1992b, 1993) 
in the U.K. demonstrated that instruction directed at the development of formal reasoning 
can have a significant and lasting effect on student achievement. In this investigation, 
middle school students received lessons that were specifically designed to develop formal 
reasoning skills. These lessons were given every two weeks within the normal science 
curriculum over a span of two years. Results of testing show significant gains in formal 
reasoning over a control group of students that did not receive the lessons. In addition, 
posttest results taken two and three years after the end of the study revealed significant 
improvement on tests in science, math and English. Shayer and Adey’s research 
demonstrated a generalized training effect as instruction in one context (science) 
transferred to a different context (English).
In accord with the theme of inquiry-based learning in the NRC and AAAS science 
standards, the science laboratory offers the ideal setting for development of formal 
reasoning. The science laboratory has been viewed as an environment that promotes the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
development of conceptual understanding, intellectual development, technical skills, 
investigative skills, and positive attitudes toward science (Garnett, Garnett, & Hackling, 
1995; Hofstein & Lunetta, 1982; Lloyd, 1992). The importance o f the laboratory was 
recognized in the reform efforts of the 1960s as it was seen that “the new curricula which 
stress the processes of science and emphasize the development of higher cognitive skills, 
the laboratory acquired a central role, not just as a place for demonstration and 
confirmation” (Shulman & Tamir, 1973). In their review, Hofstein and Lunetta (1982) 
state that while further research is needed, inquiry-based laboratory activities which 
follow a data-to-concepts approach can enhance the development of skills such as 
formulating hypotheses and designing experiments.
Problem Statement
The purpose of this research study is to compare the effectiveness of two general 
chemistry laboratory curricula in developing the ability to use formal reasoning by 
college-level students. Both curricula use an inquiry-oriented framework, but differ in 
terms of the primary objectives. The formal-reasoning (FR) curriculum focuses on 
explicitly developing and generalizing students’ ability to use formal reasoning. The 
chemistry-concept (CC) curriculum focuses on explicitly developing students’ 
understanding of chemistry concepts. Additional research goals include comparison of 
the FR (treatment) and CC (control) curriculum on student understanding of chemistry 
concepts, ability to abstract use of formal reasoning from the context of chemistry, and 
attitude toward science.
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Significance of Study
The importance of teaching for higher-order thinking has been attested to in 
publications over the past few decades (Educational Policies Commission, 1961;
Lawrenz, 1990; Lawson, 1982a; McKinnon & Renner, 1971; Yager, 2000b). These skills 
are seen as a significant influence on an individual’s quality of life, their ability to 
contribute to a democratic society, and the more immediate goal of success in science 
courses. This study has the potential to demonstrate that the current efforts to reform the 
general chemistry laboratory curriculum to a concept-centered inquiry-oriented 
framework may be inappropriate for the majority of students who have yet to reach the 
developmental stage of formal reasoning. The results of this study will provide 
instructors a means to amend any thinking skills deficiencies identified at the start of a 
course, before utilizing laboratory activities designed to develop conceptual 
understanding.
Research Questions
The following research questions guided the evaluation of the FR laboratory 
curriculum in comparison to the CC laboratory curriculum. The curricula was 
administered during twelve laboratory meetings in a first-term general chemistry course 
over a period of one semester.
1. Will students using a formal-reasoning-centered laboratory curriculum achieve 
significantly greater scores on measures of formal reasoning than students using a 
chemistry-concept-centered laboratory curriculum?
a. Will the scores on the set of formal-reasoning schemata specifically 
targeted in the laboratory curriculum be greater?
7
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b. Will the scores on a set of formal-reasoning schemata not specifically 
targeted in the laboratory curriculum be greater?
2. Will students using a formal-reasoning-centered laboratory curriculum achieve 
significantly greater scores on measures of chemistry concept understanding than 
students using a chemistry-concept-centered laboratory curriculum?
3. Will students using a formal-reasoning-centered laboratory curriculum report 
more positive attitudes toward science than students using a chemistry-concept- 
centered laboratory curriculum?
4. Will students using a formal-reasoning-centered laboratory curriculum have a 
greater ability to abstract use of formal-reasoning schemata from context than 
students using a chemistry-concept-centered laboratory curriculum?
Theoretical Foundations 
A central concern of educators is to provide an environment that will effectively 
and efficiently help students to leam. But underlying this endeavor is the question of how 
students leam. The guiding theoretical framework for this study is constmctivism. The 
main tenet of constmctivism holds that “knowledge is not passively received but is 
actively built up by the cognizing [learner]” (Wheatley, 1991). One of the most 
influential constmctivists was the Swiss psychologist Jean Piaget. Piaget’s theory of 
intellectual development has had a profound impact on science education (Nurrenbem, 
2001). Learning, in his theory, is seen as an interaction between the mental stmctures or 
schemes currently held by the individual and sensory information from the environment. 
A scheme is the “structure or the organization of actions” that enables an individual to 
respond or react in a similar way to a variety of environmental stimuli (Piaget & Inhelder,
8
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1969). For example, the grasping scheme will be invoked whether the object to be picked 
up is a ball or a block. Learning then, results through a process of adaptation where the 
individual uses the current scheme to assimilate further information (e.g., to repeatedly 
grasp at more objects) and also to accommodate the scheme to the particular situation 
(e.g., tighten the fingers to grasp a small object) (Bringuier, 1980).
Another central idea from Piaget’s theory is that the totality of the mental 
structures used by the individual can be identified as characteristic stages from birth to 
adolescence. Stages of intellectual development represent qualitatively different 
organizations of schemes and hence different ways the individual can leam. Piaget 
identified four stages of intellectual development as sensiomotor, pre-operational, 
concrete-operational, and formal-operational (Inhelder & Piaget, 1958). The sensiomotor 
stage is characterized by schemes that are behavioral (e.g., sucking, grasping). At the pre- 
operational stage, the child acquires language and with it the ability to intemalize actions 
as representations. It is only at the next stage do these representations become 
operational. An operation is an intemalized action that is reversible (e.g., an action that 
transforms an object can be applied in reverse to retum the object to its original state). 
The concrete-operational stage is characterized by actions that can be applied to concrete 
objects (e.g., forming classes of objects, ordering objects). At the fmal stage, formal- 
operational, the adolescent can now apply operations to hypotheses as reasoning is no 
longer tied to objects (Good, Mellon, & Kromhout, 1978).
Piaget identified four factors that influence the transition from one developmental 
stage to another. The first three factors, maturation (genetic), physical experience 
(environment), social transmission (education), represent influences that act on the
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individual. The fourth factor, equilibration (self-regulation), is viewed by Piaget as 
fundamental as it represents the actions done by the individual. Equilibration refers to the 
process by which cognitive perturbations (i.e., sensory information that cannot be 
assimilated) that put the individual in a state of disequilibrium are resolved by the 
creation of adapted structures. Stages, then, represent a degree of equilibrium in the 
individual’s mental structures. Piaget placed greater emphasis on procedural (or 
operative) knowledge rather than declarative (or figurative) knowledge, saying that an 
“operation is thus the essence of knowledge” (Piaget, 1964). In other words, “a person’s 
operative structures (i.e., his level of intellectual development) determine what can or 
cannot be meaningfully known (i.e., acted upon either physically or mentally).” (Lawson, 
1979)
Many of the curriculum reform projects of the 1960s and 1970s were designed 
around the principle of being developmentally appropriate. For example, the Science 
Curriculum Improvement Study (SCIS) used concrete-operational activities (e.g., 
classification) at the elementary school level and formal-operational activities (e.g., 
proportions) at the middle school level (Karplus, 1964). Other researchers designed 
training programs that aimed to develop operational skills in a short period of time 
(Barratt, 1975; Lawson, Blake, & Nordland, 1975; Ross & Cousins, 1993; Vass, Schiller, 
& Nappi, 2000). Piaget did not agree with such specific intensive training programs 
believing any learning would likely be short-lived and would not lead to a generalized 
operational structure (Duckworth, 1964).
10
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Research Hypotheses
As stated previously, the theoretical framework guiding this study is 
constructivism; specifically the developmental learning theory of Jean Piaget. It is posited 
that intellectual developmental stages do exist and can be measured. Based on the 
evidence presented in the preceding narrative, and evidence presented in the literature 
review (Chapter 2), the following hypotheses are offered:
An instruction program that provides opportunities to explicitly construct 
an understanding o f  formal reasoning in different contexts over twelve 
170-minute laboratory sessions will allow an individual to internalize and 
generalize patterns o f formal reasoning.
The formal-operational stage is represented as a totality o f  the mental 
structures encompassing formal reasoning. High correlations exist 
between the different operational schemes (e.g., proportional reasoning, 
combinatorial reasoning, correlational reasoning). Instruction on a subset 
o f formal reasoning schemes will positively affect ability to use formal 
reasoning schemes not specifically targeted during instruction.
Based on these hypotheses, the following outcome is predicted for the first research 
question.
11
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Students using a formal-reasoning-centered laboratory curriculum will achieve 
significantly higher scores on measures of formal reasoning than students using a 
chemistry-concept-centered laboratory curriculum.
a. The scores on the set of thinking skills specifically targeted in the 
laboratory curriculum will be higher.
b. The scores on a set of thinking skills not specifically targeted in the 
laboratory curriculum will be higher.
Based on these hypotheses, the following outcome is predicted for the fourth research 
question.
Students using a formal-reasoning-centered laboratory curriculum will have a 
greater ability to abstract use of formal reasoning from context than 
students using a chemistry-concept-centered laboratory curriculum.
Ability to use formal reasoning is positively related to achievement in 
general, and to conceptual understanding in particular.
Based on this hypothesis, the following outcome is predicted for the second research 
question.
Students using a formal-reasoning-centered laboratory curriculum will achieve 
significantly higher scores on measures of chemistry-concept understanding than 
students using a chemistry-concept-centered laboratory curriculum.
12
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An inquiry approach in laboratory instruction is positively related to 
student attitude toward science. The FR laboratory curriculum and the CC 
laboratory curriculum use a guided-inquiry approach.
Based on this hypothesis, the following outcome is predicted for the third research 
question.
Students using a formal-reasoning-centered laboratory curriculum will not report 
more positive attitudes than students using a chemistry-concept-centered 
laboratory curriculum.
Definition of Terms 
The following definitions are provided for terms that appear in the proposal.
Adaptation is the result of the interaction between the information in the environment and 
the individual’s current mental structures. The two mechanisms of assimilation and 
accommodation represent the extreme ranges of the adaptive process.
Accommodation is a mechanism of adaptation that occurs when information in the 
environment cannot be integrated into an individual’s current mental structures. These 
structures must then change in order to accommodate the information.
Assimilation is a mechanism of adaptation in which information in the environment is 
integrated into the current mental structures of an individual.
13
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Stages represent the totality of mental structures an individual can use to interpret 
information in the environment. Piaget proposed that four distinct stages of intellectual 
development occur from birth through adulthood; namely sensiomotor, pre-operational, 
concrete-operational, and formal-operational.
Concrete reasoning is a set of operations (or schemata) that characterizes the quality of 
thought at the concrete-operational stage of development. The schemata of concrete 
reasoning includes operations such as serial ordering of objects, classification, and 
conservation. Concrete operations and concrete thought are additional terms used to 
represent concrete reasoning.
Formal reasoning is a set of operations (or schemata) that characterizes the quality of 
thought at the formal-operational stage of development. The schemata of formal 
reasoning includes operations such as the ability to isolate and control variables, to use 
proportional relationships, to determine all possible combinations of a set of objects, to 
determine the probability of an event, and to identify correlational relationships. Formal 
operations and formal thought are additional terms used to represent formal reasoning.
Operations represent intemalized actions that transform information. The term scheme, 
schemata, and procedural knowledge can be considered as synonyms of the term 
operation.
14
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Declarative knowledge (or figurative knowledge) is comprised of information about an 
object or event.
A concept can be considered as being concrete or formal in terms of the level of 
reasoning required to understand the concept. A concrete concept has its meaning 
developed from first-hand experience with objects or events. A formal concept has its 
meaning developed through identification of abstract relationships within a system.
Procedural knowledge (or operative knowledge) is comprised of information about 
actions that can be used to transform objects or events.
Transfer refers to the application of trained skills to solve novel problems. Specific 
transfer evaluates the effects of training on novel problems that require use of a trained 
skill. Nonspecific transfer evaluates the effects of training on novel problems that require 
use of a non-trained skill.
Inquiry instruction is a model of teaching in which the learner is provided an 
environment to derive knowledge as a personal construction.
Expository instruction is a model of teaching in which the learner receives knowledge 
transmitted by the instructor.
15
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Process skills refer to the elements of the scientific method. Typically, these elements are 
observations of nature, asking (causal) questions, generating hypotheses, designing 
experiments, predicting outcomes, analyzing data, and evaluation and communication of 
results.
16
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CHAPTER II
LITERATURE REVIEW 
The topics covered here reflect research relevant to cognitive development. 
Piaget’s theory of intellectual development and the primary criticisms of it are briefly 
reviewed, along with the relationship between Piaget’s theory and student success in 
science courses. The last two topics of the literature review represent the core material of 
inquiry-oriented instruction in general and formal-reasoning instruction in specific, and 
their relation to cognitive development.
Theoretical Framework
A Theory of Intellectual Development
The guiding theoretical framework for this study is the constructivistic theory of 
Jean Piaget, whose theory provides educators with a basis for understanding how people 
leam, as well as an understanding of changes in their learning potential. While most 
educators are concemed with what is learned (i.e., declarative knowledge), much of 
Piaget’s focus has been on how knowledge is constmcted (i.e., adaptation and procedural 
knowledge). New knowledge is constructed when the current set of mental stmctures are 
not sufficient to interpret new information received from the environment. When this 
occurs, an individual enters a state of disequilibrium and the mental stmcture is changed, 
or accommodated, and the person retums to an equilibrated state. A central idea in 
Piaget’s theory is that leaming is subordinated to development. In essence, the 
individual’s current set of mental stmctures limits his/her ability to interpret information 
in the environment. Piaget described four stages through which an individual’s mental
17
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structures undergo a qualitative transformation, or reorganization, into a more evolved 
state of knowing. The last two stages o f concrete-operational and formal-operational are 
of interest to educators as they represent the quality of thought expressed by an individual 
who is pre- and post-adolescent, respectively.
Concrete-operational thought and formal-operational thought can be distinguished 
by its directionality. Concrete thought originates from the objects in the environment. For 
example, an individual at the concrete-operational stage, or level, will sort a set of objects 
by identifying one dimension (e.g., shape) and then combine all objects of that dimension 
before proceeding to another dimension. At this level any extension of thought is limited 
by the context of the real as opposed to the possible. Conversely, formal thought 
originates from what is possible rather than from what is real. An individual at the 
formal-operational level will approach sorting a set of objects in a qualitatively different 
maimer. First, all of the possible dimensions that could be used to group a set of objects 
will be identified, and then they will be reduced to those that actually exist in the set of 
objects. At the formal-operational level, the individual will also be able to recognize that 
any given classification system is arbitrary and can be reorganized to reflect different 
conditions.
An early criticism of Piaget’s theory was the use of a propositional logic system 
as the underlying framework of formal operations. Propositional logic is a process of 
hypothetical-deductive thinking in which an individual presented with a proposition pz) q 
(ifp  then q) will know to test the proposition with the logically relevant elements p-q 
(given p, then must see q) and p-q (given not q, then cannot see p). Within this 
propositional logic system, Piaget proposed that reasoning at the formal-operational level
18
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is divorced from context. However, research such as the famous four-card problem 
(Wason & Johnson-Laird, 1972) demonstrated that reasoning is influenced by the context 
of the problem. Another study by Lawson, Karplus, and Adi (1978) found that student 
performance on propositional logic problems is dramatically lower than performance on 
proportional, probabilistic, and correlational reasoning problems. In response to these 
studies, Smith (1986) identified a set of cognitive restraints proposed by Piaget which can 
prevent the use of formal operational thinking in different contexts. One of the main 
constraints, modal error, arises when the individual does not differentiate between the 
possible, the impossible, and the necessary (e.g., a false-positive occurs when something 
is judged necessary when it is not). Modal error may explain the low performance on the 
Wason four-card problem. While others question whether previous research has 
discounted Piagef s propositional logic system (Bond, 1998; Treagust, 1979), it is 
reasonably evident that context effects do occur (Linn, Pulos, & Gans, 1981) and will 
effect use of formal reasoning.
A lot of the initial research concerning Piaget’s theory attempted to extend his 
findings to a larger population. In a review of formal reasoning research, Lawson (1985) 
stated that much of the research is consistent with Piaget’s findings; namely that 
qualitatively different stages of thought appear to exist. While criticisms have been made 
of Piagef s theory, a supporting line of research has revealed a series of growth spurts in 
the brain which coincides with developmental stages (Hansen & Monk, 2002). 
Additionally, measures of pre-frontal lobe activity have been found to be correlated with 
formal reasoning ability, which suggests that brain maturation may be prerequisite to
19
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other factors (physical and social experiences) that influence cognitive development 
(Kwon & Lawson, 2000).
Profiles of Formal Reasoning Ability
Research studies that investigate the use of formal reasoning in a population can 
be classified based upon whether they use individual clinical interviews or a pencil-and- 
paper instrument suited for group assessment. In the clinical interview method, each 
subject is presented with an apparatus that forms the context of the reasoning task. The 
investigator poses a series of questions and records the subject’s answers and interactions 
with the apparatus. Once the reasoning task is completed, the subject performance is 
assigned based on a developmental scale of Stage I (pre-operational). Stage II (concrete- 
operational), or Stage III (formal-operational). Piaget also described substages within 
Stage II and Stage III which further distinguished the largely undifferentiated structure 
that exists at the beginning of a stage (IIA or IIIA) from the more resolved structure that 
exists near the end of a stage (IIB or IIIB). An example of a common Piagtian task used 
to assess combinatorial reasoning is the chemicals task. This task consists of five bottles 
filled with clear aqueous solutions in which the objective is to determine the different 
number of combinations of the solutions that will produce a precipitate. At the early 
concrete-operational level (Stage IIA), the subject randomly mixes pairs of the solutions 
with no systematic method to determine combinations. At the late formal-operational 
level (Stage IIIB), the subject is able to determine all possible combinations by 
systematically producing combinations of two, three, four, and five solutions.
The early research work in formal reasoning used the clinical interview to assess 
intellectual development. For example, a study by Lawson and Renner (1974)
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investigated the formal reasoning in a sample (N=588) of students from grades seven 
through twelve and a sample (N=143) of college freshman through interviews on a series 
of Piagetian tasks. The percentage of students at the formal-operational level ranged from 
1% to 12% in grades seven through twelve, and only 22% in college. These results are 
supported in a review by Chiappetta (1976) which finds a low occurrence of formal 
reasoning ability among high-school and college students. However, students enrolled in 
science or mathematics courses have much higher occurrences o f formal reasoning than 
students not enrolled in science or mathematics courses. This result is not surprising 
given the logical-mathematical structure of the formal-reasoning tasks. Because of the 
time-consuming nature of the interview, pencil-and-paper assessments were developed by 
many researchers to allow reliable testing of large groups of students (Lawson, 1978; 
Roadrangka, Yeany, & Padilla, 1983; Shayer, Adey, & Wylam, 1981; Staver & Gabel, 
1979; Tobin & Capie, 1981). The most common format for the tests is double multiple- 
choice in which the subject must select among provided answer options in response to the 
posed question and select among provided reason options to explain why a particular 
answer option was chosen.
Most of the current research in formal reasoning uses a group test to assess 
intellectual development. For example, a recent study by Valanides (1999) used the Test 
of Logical Thinking (Tobin & Capie, 1981) to measure reasoning ability in a large 
sample (N=1552) of secondary student in grades ten, eleven, and twelve in a 
Mediterranean secondary school. Students were classified into developmental stages 
based on total assessment scores. The percentage of students at the concrete-operational 
stage decreased from a high of 25.2 in grade ten to a low of 13.5 in grade twelve. The
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percent of students at the late formal-operational stage (Stage IIIB) increased from a low 
of 19.1 in grade ten to a high of 23.8 in grade twelve.
The criticism that most post-adolescents do not develop formal reasoning skills 
within the 12-15 year age span, as suggested by Piaget, is certainly warranted. Previous 
research reveals that on average only 25% of senior high school students and college 
freshman can be classified as formal-operational. Differences in formal reasoning ability 
across populations is to be expected because stage theory posits that order of succession 
is invariant; rate of progression through the stages can vary considerably from one social 
environment to another. In fact, Piaget (1972) states that an environment with poor 
intellectual stimulation will result in a greater retardation in the formation of formal 
reasoning than seen in the previous stages.
The Unitary Structure of Formal Reasoning
Piagetian stages are represented as a set of equilibrated mental stmctures that 
operate in a unitary fashion, and, as such, the operational schemata that make up the 
structure do not function independently. It would be expected that these operational 
schemata are highly correlated; however many studies have not seen this result. Lawson 
(1985) reviewed several studies that examined inter-task correlations and found values 
ranging from approximately 0.4 to 0.7 among different Piagetian formal reasoning tasks. 
Studies which controlled for age-related variables, task content, and used subjects 
expected to display a wide range of ability found higher levels of correlation. A more 
recent study by Niaz (1991) investigated formal reasoning in a sample (N=72) of college 
freshmen. Correlation coefficients between items having the same formal reasoning
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pattern were relatively low (0.2 -  0.3) when the task content was different, but were 
relatively high (0.6 -  0.7) when the task content was similar.
Another statistical procedure used to test the hypothesis of a imitary formal 
structure is principal component or factor analysis. Factor analysis is a data reduction 
procedure in which different linear combinations of a set of variables are extracted as a 
reduced set of factors such that the variance explained by the new factors is maximized. 
When scores on formal reasoning tasks are submitted to a factor analysis, a one-factor 
solution is expected for a unitary structure. Lawson (1985) has reviewed several studies 
of factor analyses on formal reasoning tasks, and most find a single-factor solution. 
Studies that found two- or three-factor solutions generally had less than the recommended 
ten subjects per variable for factor analysis.
While moderate correlations between formal reasoning tasks would lend support 
to the hypothesis of a unitary structure, it may be that the tasks are related through 
another variable, namely general intelligence. It is reasonable to expect that an individual 
with high intelligence would score high on the different tasks. To investigate the role of 
general intelligence in formal reasoning, Lawson (1982b) administered two formal 
reasoning tasks and a measure of general intelligence to a sample (N=77) of college 
students. The reasoning tasks were found to correlate at 0.44, but when the effect of 
general intelligence was partialled out, the correlation dropped only to 0.43. This result 
suggests that the relationship among formal reasoning tasks is not due to general 
intelligence, but to some other psychological construct.
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Correlates of Formal Reasoning
An application of Piagetian theory is to investigate the relationship between 
developmental level and measures of achievement. Such comparisons are problematic as 
a particular achievement measure (e.g., content exam) may or may not provoke the use of 
formal reasoning skills. In particular, numerical problems of the “plug-and-chug” variety 
can be algorithmically solved by many students who do not have any conceptual 
understanding of the elements in the problem (Sawrey, 1993). Achievement measures 
based primarily on these types of numerical problems can give a very misleading picture 
of student understanding. A recent study by Deming, Ehlert, and Cracolice (2003) 
revealed a strong relationship between formal reasoning ability and success on two 
different problem types. A sample (N-65) o f college students were presented with paired 
questions that used the same content area (e.g., gas laws) but assessed different levels of 
student understanding as algorithmic versus conceptual. The algorithmic problems 
consisted of typical numerical problems that could be successfully solved by applying an 
algorithm. The conceptual problems typically were presented in pictorial form and were 
assumed to require a deeper level of understanding of the content area for their solution 
than the algorithmic problems. The success rates on the two problem types were analyzed 
as a function of the developmental level of the students. The results showed that students 
at the formal-operational level performed significantly better than the concrete- 
operational students on both problem types. All students performed well on algorithmic 
problems; however, concrete-operational students had very low success rates of 0% to 
21% on the conceptual problems.
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In a related study, Lawson and Renner (1975) investigated the relationship 
between a student's stage of intellectual development and associated ability to understand 
science concepts. They describe two types of concepts: concrete and formal. A concept is 
concrete if its meaning can be developed from first-hand experience with objects or 
events. Conversely, a concept is formal if its meaning must be developed through 
identification o f abstract relationships within a system. A sample (N=134) of high school 
students in physics, biology, and chemistry classes were assessed in a clinical interview 
format on their level of development. Examinations containing both concrete and formal 
concepts were administered in each of the respective classes. It was found that the 
concrete-operational students (Stage IIB and lower) could not solve any of the problems 
using formal concepts. Students at the formal-operational level had statistically higher 
success rates in solving both concrete and formal problems compared to concrete- 
operational students.
Studies investigating the relationship of formal reasoning ability to subject 
performance in an area outside of math or science are rare. One example is a study 
(N=30) of interpretation of poetry by college students. Hardy-Brown (1979) found 
evidence of a positive relationship between the cognitive skills used in literary analysis 
and formal reasoning ability. The students were initially assessed on their formal 
reasoning ability using a paper-and-pencil instrument. Each student was then placed into 
one of three groups, concrete-operational, transitional or formal-operational, based on 
average assessment scores. An interview format was used to determine the student's 
interpretation of two poems. It was found that subjects at the formal operational level
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used a symbolic approach to poetry analysis, while subjects at the concrete level used a 
more literal approach.
Critical Analysis
Studies of Piaget’s theory of intellectual development have revealed some 
problems with the original theory, but the concept of a unitary structure of interdependent 
formal-operational schemata was supported. Another clear result was the profile of 
formal reasoning development of students in high school and college. Three decades of 
research have consistently shown that approximately 25% of college students can be 
classified as fully formal-operational. Given the relationship between formal reasoning 
skills and understanding formal concepts, it would appear that most students are 
incapable of constructing a functional understanding of science. The awareness of this 
problem at the high school and college level is the major impetus for this study. 
Functional understanding, the ability to apply relationships that exist among concepts to a 
novel situation, is contrasted to rote pattern-matching strategies in which the best-fitting 
algorithm is used to solve a problem.
The research hypothesis that instruction in one set of formal reasoning schemata 
will positively affect ability to use other schemata was supported by research which 
showed positive correlations among different reasoning tasks. In addition, most factor 
analyses resulted in a one-factor solution which suggests a common underlying construct. 
The research hypothesis that the ability to use formal reasoning skills is related to 
achievement measures, in particular to conceptual understanding, is also supported.
Piaget’s developmental theory is often misinterpreted as saying that educators can 
do little to affect cognitive development of students because it is a spontaneous process.
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Piaget, in fact, contends that intellectual development can be affected by good pedagogy. 
In particular, he states that "[m]odifying a child's effective set of mental operations 
depends on a much wider, longer-lasting, and fundamental approach which involves all 
of the child's activity". Furthermore, "[ejxperience is always necessary for intellectual 
development.... [t]he subject must be active, must transform things, and find the structure 
of his own actions on the objects" (Duckworth, 1964). An ideal environment must then 
provide an array of activities over an extended period of time in which students 
manipulate objects, collect data, and discover patterns. This ideal environment can be 
characterized as supporting inquiry-based instruction.
Inquiry Instruction
The structure of science education can be viewed as comprised of different aims 
or models that determine the organization of curriculum and instruction. These aims are 
knowledge (what is known in a discipline), methods (how it is known), and development 
(what an individual is capable of knowing). According to Bybee (1977), changes in the 
structure of education can be linked to societal pressures which transform the dominant 
aim (e.g., from a knowledge-based structure to a methods-based structure). The history of 
education at the high-school and college level can been seen as largely influenced by a 
knowledge model of science teaching. Lectures were used to inform students of the facts 
and concepts of a discipline, laboratories were used to verify, and homework exercises 
provided practice. This inform-verify-practice model of science teaching was criticized 
by notable educators such as Dewey (1938) who contended that methods (processes) of 
science are just as important as knowledge of science. The Sputnik crisis in the late 1950s 
brought about a dramatic change in the structure of science education. The perceived
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superiority of the Soviet Union brought about massive increases in education funding. A 
series of projects known as the alphabet curricula were developed that emphasized the 
‘process of science’ as a means to achieve the ‘conceptual schemes of science’. 
Knowledge and methods were now both seen as important aims in science education.
The New Science Curriculum Projects
The curricula-reform projects of the 1960s were led by scientists whose aim was 
to have students “experience and know the science that all scientists know and practice 
the skills scientists use.” (Yager, 2000a) Teaching by inquiry became a focus as students’ 
experienced ‘hands-on’ science in the laboratory. Process skills were major goals as 
students were expected to be able “to identify and define a problem, to formulate a 
hypothesis, to design an experiment, and to collect, analyze, and interpret data” (Tamir, 
1983). Many major projects were funded by the National Science Foundation to improve 
science education at the elementary and secondary school levels (Novak, 1969). Projects 
at the elementary level included the Science -  A Process Approach (SAPA), Elementary 
School Science (ESS), and the Science Curriculum Improvement Study (SCIS). At the 
secondary level projects were developed within the respective science disciplines. These 
projects included the Physical Science Study Committee (PSSC) and Harvard Project 
Physics (HPP) in physics. Chemical Education Materials Study (CHEM) and Chemical 
Bond Approach Project (CBA) in chemistry, and the Biological Sciences Curriculum 
Study (BSCS) in biology.
Several hundred studies have investigated the effectiveness of the new 
knowledge- and methods-based curricula in comparison to traditional knowledge-based 
(textbook-driven) curricula (Shymansky, Hedges, & Woodworth, 1990). Effectiveness
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can be thought of as accomplishing desired leaming outcomes in cognitive, affective, and 
technical domains. The cognitive domain pertains to goals such as leaming concepts and 
processes of science, intellectual development, creativity, and an understanding of the 
nature of science (e.g., tentative nature of theories). The affective domain pertains to 
goals such as improving attitudes toward science, encouraging open-mindedness, and 
curiosity in science. The technical domain pertains to manipulative skills (e.g., using 
equipment, recording data) that are generally viewed as a major objective of laboratory 
leaming. A collection of research studies on the new science currieula at the elementary 
and secondary level will be reviewed.
Weber and Renner (1972) investigated the effectiveness of the SCIS program for 
developing student process skills. Two groups of elementary students were chosen for 
this study. One group (N=30) was exposed to the SCIS program for five years, while the 
second group (N=30) used a textbook-based science program. The two groups were 
matched on variables such as IQ, age (average of 128 months), sex, socio-economic 
status (SES), and school organization in order to control for variables other than the type 
of science program that may explain the development of process skills. While it is 
possible that an unknown confounding variable may limit the interpretability of this 
research, matching procedures are generally the most viable option when random 
assignment to groups is not possible. The authors designed and validated an instrument to 
measure the process skills of observing, measuring, classifying, experimenting, 
interpreting, and predicting. Performance on the tasks was judged by an interviewer 
based upon student interaction with a set of materials. It was found that SCIS-students 
had significantly better scores on each task compared to non-SCIS students. One
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potential concern in this study is the nature of the task. If the task materials were similar 
to the materials used by SCIS students during laboratory activities, then better 
performance may result from increased familiarity rather than from increased process 
skills. No details were provided on the nature of the task materials.
In a follow-up paper, the effectiveness of SCIS for influencing student intellectual 
development was investigated (Renner, Stafford, Coffia, Kellogg, & Weber, 1973). A 
sample (N=60) of students in two matched groups (SCIS and non-SCIS) were pretested 
on a series of Piagetian tasks to assess the concrete-operational skill of conservation. 
After one semester in the respective science programs, the children were re-tested on the 
Piagetian conservation tasks. It was found that SCIS students had significantly greater 
gains across all tasks compared to non-SCIS students. The authors also investigated the 
effectiveness of the SCIS program on conventional academic achievement tests in math, 
social studies and reading. A sample (N=46) of SCIS students and a matched sample 
(N=69) of non-SCIS students were administered an achievement test at the beginning of 
the fifth grade. Significant differences in favor of SCIS students were found on measures 
of mathematics applications and social studies skills, but no differences were found for 
mathematics concepts, mathematics skills, or reading. This set of studies supports the 
effectiveness of the SCIS program for developing process skills and promoting 
intellectual development, but does not provide convincing support for improvement in 
content knowledge. It may be that the standardized achievement test had an emphasis on 
factual recall, which is not a learning objective of the SCIS program.
Lawson, Abraham, and Renner (1989) reviewed several studies, including the 
previous study by Renner et al. (1973), on the effectiveness of the SCIS program in the
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cognitive and affective domains. The studies included both short-term (less than one 
semester) and long-term (five or more years) implementations of SCIS programs in 
elementary schools. A survey of eight studies revealed that SCIS students had overall 
more positive attitudes toward science, higher curiosity, and improved self-concept. A 
survey of twelve studies revealed that SCIS students outperformed non-SCIS students on 
process skill tasks, logical reasoning tasks, and measures of content knowledge.
Raven and Calvey (1977) examined the effectiveness of the SAP A {Science - A  
Process Approach) program on intellectual development of a sample of sixth- and eighth- 
grade students. Students in three different schools that used SAP A from K-6 were 
compared to a matched group of students from three schools that used traditional 
curricula. The students were assessed on their ability to use logical operations in a 
concrete (pictorial) format and an abstract (text) format. No significant difference 
between SAFA and non-SAP A students was found on either measure at the sixth grade, 
however a significant difference on the abstract measure was found in favor of the SAP A 
group at the eighth grade. The finding of no difference at the sixth grade level may arise 
because these students were in the transition stage between concrete and formal 
operations and had not yet fully internalized formal mental structures. However, it is seen 
that by grade eight SAP A students had better abilities to use formal operations on abstract 
items than non-SAP A students. This result is significant because it shows that the 
benefits of a training program may not appear immediately after treatment because of the 
(lengthy) process of equilibration into formal mental structures.
At the secondary level, Tamir and Jungwirth (1975) investigated the effectiveness 
of a BSCS {Biological Sciences Curriculum Study) program on a large sample of
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students enrolled in high school biology classes in several BSCS and matched non-BSCS 
schools. The sample of BSCS students was further categorized into majors (those 
students that took the program for four years) and non-majors (those students that took 
the program only in grades nine and ten). Students were pretested and posttested on 
measures of biology content knowledge and understanding of the nature of science. A 
process skills measure was given at the end of the tenth grade, and a matriculation exam 
was given to biology major students at the end of the twelfth grade. After two years in the 
program, the average performance by BSCS students on a measure of science process 
skills (e.g., data analysis, generating hypotheses) was generally poor, but increased 
significantly for biology majors by the end of high school. In comparison to a group of 
non-BSCS students, BSCS students performed significantly better on measures of content 
knowledge, understanding of the nature of science, and process skills. Non-major BSCS 
students outperformed non-BSCS students on measures of content knowledge and 
process skills, but not on understanding the nature of science. This result is not surprising 
because more complex and abstract skills (such as xmderstanding the nature of science) 
are not a direct objective of the BSCS program (as are process skills), and thus are 
expected to develop over a longer time period.
Hardy (1970) examined the effectives of the CHEM {Chemical Education 
Materials Study) program in a sample (N=208) of high school students. In a posttest 
control group design, classes were randomly assigned to either the CHEM program or a 
traditional chemistry program. The equivalency of the two groups was established from 
data conceming student IQ, SES, and composite achievement level. Outcomes measures 
included critical thinking and a standardized achievement test of chemistry content. A
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significant difference in favor of CHEM students was found for content achievement, but 
not for critical thinking. The finding of no difference in critical thinking is not surprising 
because the measure used in this study was designed and validated in the social sciences, 
and is thus likely not an appropriate measure of critical thinking by chemistry students in 
the laboratory.
Despite the overall positive findings from research on the new science curricula, 
Saadeh (1973) criticized the methods used by internal proj ect-evaluators as inadequate 
because few used formative assessment to design the materials, many did not use control 
groups, and statistical analyses have been limited to t-tests or one-way analysis of 
variance. In a review of a small collection of studies, Saadeh reported that the 
effectiveness of the new science-curricula programs in the cognitive and affective 
domains was not supported in comparison to traditional science programs. Determining 
the effectiveness of a treatment condition (e.g., a new curriculum or teaching strategy) 
can be problematic because any one research study does not provide evidence that the 
outcomes will generalize to a different population or a different environment. However, 
results of many research studies can be quantitatively synthesized using a method called 
meta-analysis, which is a statistical procedure that summarizes the results of several 
studies by computing effect sizes for each outcome measure (Glass, 1976; Hedges & 
Olkin, 1985). For example, if a research study finds mean student achievement scores of 
75 and 68 in two different curricula, then the effect size would be (75-68)/Sc where Sc is 
the standard deviation of the scores in the control group (i.e., the traditional curriculum). 
Effects sizes across several studies are then combined and analyzed to determine whether 
systematic differences in effect sizes are related to differences in treatment conditions.
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Bredderman (1985) performed a meta-analysis of 57 studies that investigated the 
effectiveness of the elementary programs Science -  A Process Approach, Elementary 
School Science, and the Science Curriculum Improvement Study. Almost half of the 
studies had large samples (ten or more classrooms) that used the new science curriculum 
for at least one year before administering posttests. Most studies did not randomly assign 
students to treatment groups. Outcome measures in the research studies included items 
such as science content knowledge, process skills, creativity, attitude toward science, and 
intellectual development. Bredderman found an overall positive effect size of 0.35 in 
favor of laboratory-based curricula in comparison to traditional textbook-based curricula. 
This can be interpreted as meaning that students in the new curricula programs performed 
14 percentile units better on the outcome measures than students in traditional programs. 
The mean effect size for each outcome measure was 0.52 for process skills, 0.42 for 
creativity, 0.27 for attitude towards science, and 0.16 for content knowledge. The mean 
effect size for intellectual development was not given, but was reported to be low. Three 
of the studies measured durability of treatment effects beyond elementary school. A mean 
effect size of -0.005 across these studies showed that exposure to the new curricula in 
elementary school did not give students any advantage in middle school.
Shymansky, Hedges, and Woodworth (1990) performed a meta-analysis of 81 
research studies that compared the effectiveness of new science curricula to traditional 
science curricula at both the elementary and secondary level. The collection of outcome 
measures found in all the studies were clustered into categories representing variables 
such as student achievement (content knowledge), student perceptions (attitudes), process 
skills, and intellectual development. The results of the meta-analysis showed that the new
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science curricula had an overall positive effect size of 0.26 on achievement, perception 
and process skills. The mean effect size for each outcome measure was 0.33 for process 
skills, 0.30 for science achievement, and 0.16 for student perceptions. The mean effect 
size for intellectual development at O.IO was not significant. Results across grade levels 
showed consistent positive effect sizes for process skills and science achievement, except 
at the intermediate level (grades 4-6) where only student perceptions showed a significant 
positive effect. When separated by discipline at the secondary level, it was found that 
new curricula based in biology and physics had an overall positive effect, but the 
chemistry curricula did not show a significant positive effect. Another important result 
from this study is that a significant positive effect was found only for those programs 
which included teacher training on the new curricula.
In light of the reported effectiveness of the new curricula, it was surprising to find 
that not many schools were using the materials. Welch et al. (1981) found that only 30% 
of schools nation-wide were using the new materials. He reported that teachers felt ill- 
prepared to teach by inquiry, found such approaches difficult to manage, and expressed 
concerns that the new curricula was too difficult for most students. Others have leveled 
similar criticisms of the new curricula in that they were textbook-driven materials that 
attempted to be ‘teacher-proof as even “some of the best teachers who were part of the 
development team saw it as important to structure the program in ways that other teachers 
could not mess them up” (Yager, 1992). In addition to neglecting the role of the teacher 
in curriculum implementation (Beasley, 1992), the new curricula was seen as ‘elitisf 
because they were concerned with the education of the top students (Walford, 1983), 
neglecting the needs of the majority of students (Yager & Penick, 1987). The perceived
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failure of the new curricula may be viewed a result of yet another societal pressure 
transforming the structure of science education from a knowledge- and process-based 
model to one that incorporates a developmental aim. The finding that the new science 
curricula had little effect on student intellectual development is not surprising because the 
structure of many of these programs did not place much emphasis on the needs or 
capabilities of the student (the development model) (Marek & Renner, 1979; Saadeh, 
1973). A notable exception is the SCIS curriculum developed under the direction of 
Robert Karpins (1964) who describes the aim of the program as “fostering development 
of thinking to the formal operational level.” The work of the SCIS project evolved to a 
theory of instruction that was based on a theory of learning. This theory of instruction is 
called the Learning Cycle.
The Learning Cycle
The Learning Cycle is an inquiry-based instructional strategy in which students 
are provided an environment to explore the conditions of a new area in order to find 
relationships among its various parts and invent a concept which they can then apply to 
new situations. The three phases of the Learning Cycle, explore-invent-apply, describe a 
student-centered (development-based) model of instruction which is diametrically 
opposite to the teacher-centered expository (knowledge-based) model of instruction 
(Renner & Marek, 1990). In practice, a Learning Cycle classroom begins with an inquiry- 
oriented session in which students are supplied a context to explore and discover 
relationships. In the next phase, the relationships are further refined and then labeled, 
usually by the teacher, with the scientifically accepted term. In the final phase, students 
are provided different contexts in order to expand their use of the new concept (i.e., the
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labeled relationship). From the viewpoint of the teacher, the three phases of the Learning 
Cycle can be thought of as supply-label-expand, where the teacher’s role is to facilitate 
student learning. The names used for the three phases have undergone some revisions, 
but the current terms in use, exploration-term introduction-concept application, represent 
a blend of the student and teacher perspective (Lawson, 1995; Lawson et al., 1989).
The Learning Cycle is an instructional strategy that encompasses all parts of a 
course design from lecture, laboratory to discussion/recitation sessions. The first phase of 
the Learning Cycle, exploration, typically occurs in the laboratory. The purpose of the 
laboratory in the sciences has been viewed as “an essential step in the socialization of 
students into the state of scientific literacy” (Hegarty-Hazel, 1990, p. 3). The primary 
goal of the laboratory has been a contentious issue among educators as positions 
supporting student learning in the process, content plus process, affective, and technical 
domains have been argued in the literature (Hegarty-Hazel, 1990; Hofstein & Lunetta, 
1982; Lazarowitz & Tamir, 1994). A laboratory activity can be broadly classified as 
being either verification or inquiry oriented. A verification laboratory starts with a 
detailed introduction to the experiment that provides the answer to the research question 
to be investigated. Students are given a step-by-step procedure to collect data and a 
suggested analysis method (e.g., a set of mathematical formulas) in order to verify that 
the answer provided in the introduction was correct. Inquiry laboratory activities, as used 
in the Learning Cycle, require more student input into the different parts of the activity.
In a guided-inquiry (or discovery) laboratory activity, the student is provided with a 
research question to investigate and a procedure to use for data collection, but the method 
of data analysis is left up to the student. Open-inquiry laboratory activities, the polar
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opposite to verification activities, require the student to pose a research question, generate 
a procedure to collect data, and then analyze the data obtained. Pavelich and Abraham 
(1979) have classified inquiry activities as being “data to concepts” to represent the 
student’s contribution in the construction of knowledge. Conversely, verification 
activities are “concepts to data” as the student is provided the knowledge which must 
then be verified with data.
The science laboratory has been viewed as an environment that promotes the 
development of conceptual understanding, intellectual development, technical skills, 
process skills, and positive attitudes toward science (Garnett et al., 1995; Hegarty-Hazel, 
1990; Hofstein & Lunetta, 1982; Lloyd, 1992). Researchers in science education have 
long criticized the verification approach in laboratories as promoting a ‘cookbook’ 
approach to science (Berry, Mulhall, Gunstone, & Loughran, 1999; Mallinson & Buck, 
1954; Merritt, Schneider, & Darlington, 1993; Mulder & Verdonk, 1984). A recent meta­
analysis of laboratory outcomes found that in comparison to verification, inquiry-oriented 
approaches produce improved content learning, intellectual development, and attitudes 
towards science (Sutman, Schmuckler, Hilosky, Priestley, & Priestley, 1996). However, 
despite the criticisms leveled against verification laboratories (Lloyd, 1992), a survey 
shows that only 8% of colleges and universities use inquiry materials in lab (Abraham et 
al., 1997).
The theoretical basis of the Learning Cycle (and SCIS) is the developmental 
learning model of Jean Piaget. Each phase in the Learning Cycle reflects the key 
elements, proposed by Piaget, to influence learning. During the exploration phase, the 
student uses the process of assimilation to interact with the laboratory materials. As
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relationships among the materials are discovered, discrepant events put the student in a 
state of disequilibrium that is resolved only when the current mental structures are 
accommodated to the new information. The adaptive processes o f assimilation and 
accommodation continue into the second phase of term introduction (concept invention) 
as mental structures of the concept become further refined. In the final phase, concept 
application, the mental structures achieve a higher level of organization as the concept is 
expanded into further contexts. Research studies investigating the effectiveness of the 
Learning Cycle in the cognitive and affective domain will be reviewed. Most studies 
compare groups of students in Learning Cycle (LC) courses (which use an inquiry model 
of instruction) to students in traditional lecture/laboratory/recitation courses (which use 
an expository [EX] model of instruction).
Lawson, Abraham, and Renner (1989) reviewed several studies on the 
effectiveness of the Learning Cycle. These studies included students from grade five 
through college with implementations ranging from a few weeks to a year, with most 
occurring over the course of a semester. A survey of three studies revealed that students 
enrolled in a LC course had better attitudes toward science than students enrolled in a 
traditional EX course. A survey of eight studies revealed somewhat equivocal results for 
content achievement. Three studies found no difference in content achievement between 
the LC and EX groups, one study found higher achievement for LC students in only one 
content area, and four studies found higher content achievement for LC students. A 
survey of eleven studies revealed that students in a LC class outperformed EX students 
on measures of formal reasoning. Four studies from this review demonstrated some 
interesting results and will be examined further below.
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A study by Renner and Paske (1977) investigated reasoning gains made by 
freshman college students enrolled in a LC or EX physics course. While this study 
suffered from some design problems (selection bias and nonequivalent control group) the 
results from Piagetian pre- to posttest task scores suggest that the LC course was effective 
in increasing reasoning ability for students at both the concrete and early formal- 
operational levels. The EX course found increases in reasoning ability only for students at 
the early formal operational level. In effect, students at the formal operational level 
achieved gains in either type of instruction format, however students at the concrete 
operational level showed gains only for inquiry-oriented instruction. Another study by 
Lawson and Snitgen (1982) incorporated a Learning Cycle on formal reasoning within a 
Learning Cycle biology course. A sample (N=72) of college students were introduced to 
aspects of formal reasoning within the context of biology Learning Cycles. While having 
no control group limits the interpretability of the results in this study, significant gains in 
formal reasoning were found for the formal reasoning skills introduced in the course. 
However, nonspecific transfer was not seen because no significant gains were found on 
formal reasoning skills that were not introduced in the course.
A study by Schneider and Renner (1980) investigated the effectiveness of a LC 
versus an EX format in a twelve week unit on physical science for a sample (N=48) of 
ninth-grade students. Outcome measures included pre- and posttests of reasoning ability, 
and measures of content achievement administered during the instruction period. Delayed 
posttests of reasoning ability and content achievement were also administered three 
months after differential instruction had ended. Results showed significant difference in 
favor of LC instruction for both reasoning ability and content knowledge. After a delay of
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three months the LC students still outperformed the EX students on reasoning ability, 
and, while both groups saw decreased scores on the content measure, the LC students 
retained more than the EX students. Finally, a study by Purser and Renner (1983) 
investigated the effectiveness of a LC versus EX format in a biology class for a sample 
(N=135) ofhigh-school students. Each student was pre-and posttested for reasoning 
ability, and three content exams were administered over the course of the two-semester 
long class. The content exams contained questions that were classified as either concrete 
or formal. It was found that the LC students achieved significantly greater gains in 
reasoning ability over the EX students. Moreover, LC students at the concrete-operational 
level and transitional level had significantly higher scores on the concrete content 
questions than the EX students at the corresponding intellectual levels. While a 
significance test was not done, it was also seen that concrete-operational LC students 
scored higher than transitional level EX students on the concrete content questions. No 
significant differences were found between LC and EX students on formal-content 
questions.
While the Learning Cycle model of instruction appears to have greater benefits 
for increased content understanding, promoting intellectual development, and improving 
attitude toward science than the traditional inform-verify-practice model, some research 
studies have not seen any effect. For example, Blake and Nordland (1978) investigated 
the effectiveness of an inquiry-based course on the intellectual development of a sample 
(N=97) of college students. In a Solomon four-group design, a subset (N=68) of students 
were randomly selected for pretesting on a series of Piagetian tasks. The primary 
education preservice teachers were then randomly assigned to either the inquiry-oriented
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or expository-oriented math/science course, which lasted for sixteen weeks. All students 
were posttested on a series of Piagetian tasks at the end of instruction. Results showed no 
significant differences on the posttest scores between the two groups. However, within 
each group there was a significant difference from pretest to posttest task scores which 
indicated that cognitive growth was achieved. The pretest scores showed that a majority 
(65%) of the pretested students were at the early formal-operational stage (IIIA) of 
intellectual development. Ceiling effects in the measure may have contributed to the 
finding of no difference as there is only one sub-stage (IIIB) beyond IIIA that can be 
measured.
Critical Analysis
The research on the new science curricula developed in the 1960s support its 
effectiveness for developing students’ process skills, increasing content achievement, and 
improving attitudes toward science in comparison to traditional knowledge-based 
curricula. However, little support is found for their effect on intellectual development. It 
has been suggested that in the “scientist-advised, secondary-school curricula 
.. .intellectual development of the learners did not receive much consideration” (Marek & 
Renner, 1979). Students were not able to benefit from these curricula because most of the 
materials were beyond their capabilities. Research on the new curricula also revealed that 
treatment intensity is an important factor because improvement on more complex skills 
(e.g., understanding the nature of science, formal reasoning using abstract tasks) did not 
appear until after three or more years of instruction. The dramatic increases in process- 
skill ability observed in most studies, while impressive, are directly related to the
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structure of the programs which placed great emphasis on the laboratory while most 
traditional programs had little, if any, laboratory work (Bredderman, 1985).
Research on the effeetiveness of the Learning Cycle method of instruction 
parallels that of the new curricula projects, but with one important exception. The 
Learning Cycle was found to produce significant gains in student reasoning ability over 
those in traditional programs. These gains in intellectual development were also sustained 
beyond the period of instruction, possibly giving students an advantage in later courses. 
N o meta-analysis of Learning Cycle research was found, but several other studies support 
findings that students exposed to inquiry-oriented teaching strategies (such as the 
Leaming Cycle) demonstrate increased content achievement, develop formal reasoning 
abilities, and improve attitudes toward science (Abraham & Renner, 1986; Gerher, 2001; 
Hall & McCurdy, 1990; Johnson & Lawson, 1998; Linn & Thier, 1975; McKinnon & 
Renner, 1971; Renner, Abraham, & Bimie, 1985; Saunders & Shepardson, 1987) The 
hypothesis that an inquiry approach in laboratory instruction is positively related to 
student attitude toward science is supported by both the new science curricula and 
Leaming Cycle research.
One interesting outcome of this research was the finding that student reasoning 
ability interacts with the instmctional method. Students with low reasoning ability are 
found to respond better in inquiry-oriented courses than in traditional lecture-based 
(expository) courses. Students at concrete and transitional levels of development made 
greater gains in reasoning ability and achieved better content understanding in a Leaming 
Cycle course. However, students at formal levels of development were able to adapt to 
either a Leaming Cycle or expository instmction method and make similar gains in
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content understanding in both formats. In addition it is seen that student understanding of 
concrete-type concepts was aided by inquiry teaching, but no advantage was found for 
understanding of formal-type concepts because these are beyond the capabilities of both 
concrete and transitional level students. These results have serious consequences at the 
college level where expository instruction is prevalent, and where many of the concepts, 
especially in the sciences, can be categorized as formal. Because the majority of students 
entering college (approx. 75%) are not at the formal operational level (Chiappetta, 1976; 
Lawson & Renner, 1974; Valanides, 1999), the instructional strategies used in most 
courses are not appropriate for developing either reasoning skills or understanding of 
(formal) concepts. However, the study by Lawson and Snitgen (1982) offers a possible 
solution in that strategies of formal reasoning can be explicitly included into the 
curriculum. The authors found that explicit instruction of reasoning skills within a 
concept-centered Leaming Cycle college biology course produced significant gains in 
reasoning ability. These gains were found only for those skills included in the course 
(specific transfer) and did not affect student ability to use other formal reasoning skills 
(nonspecific transfer). The questions become, then, whether explicit instmction in 
reasoning skills in a reasoning-centered course will produce greater gains in reasoning 
ability, and whether these gains will generalize to other skills. Research pertaining to this 
question will be reviewed next.
Formal Reasoning Interventions
The nature of the programs designed to develop formal reasoning can be broadly 
classified on two factors: format and duration of training. The training format can be 
either inquiry-oriented or expository. Duration of training in the studies reviewed here
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has ranged from a small number of sessions delivered in a few days to multiple sessions 
delivered over a semester or longer. Most of the studies reviewed here are programs that 
were designed to train one particular reasoning skill, although a few examples of more 
comprehensive programs (multiple skills) do exist. The general aim of these training 
studies has been to determine a) whether reasoning skills can be trained, and b) the best 
training conditions. While Piaget saw “little sense in intensive specific 
training”(Duckworth, 1964), he did propose a three-point ‘litmus’ test for such 
interventions. First, training must have a long-lasting effect. Unfortunately, of the studies 
reviewed here, few administered delayed tests after instruction. Second, training must 
produce a generalized effect. Again, many studies did not test whether training in one 
reasoning skill led to improvements in other reasoning skills (nonspecific transfer) 
(Lawson, 1985). Many studies tested students on novel problems using the same 
reasoning skill (specific transfer). Some of the studies below have even used tests very 
similar to the training tasks; a dubious practice that affects interpretation of the results. 
Finally, Piaget (1972) asks “what was the operational level of the subject before the 
experience and what more complex structures has this leaming succeeded in achieving?” 
Evaluation of a training program must consider the whole of the mental stmcture, and not 
one particular reasoning skill. The following will first review studies conceming the 
training of one particular formal reasoning skill, followed by more comprehensive 
programs that trained on multiple reasoning skills.
T raining One Reasoning Skill
Research conceming the effectiveness of training proportional-reasoning 
strategies is sparse. A review of training studies on proportional-reasoning by Lawson
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(1985) found only one study involving a college population. In this study a sample 
(N=48) of college freshmen were trained over a period of two hours using an expository- 
teaching method (demonstration of proportional reasoning tasks) (Shyers & Cox, 1978). 
While this study found better performance on a posttest for trained students and retention 
of training effect on a delayed posttest, several design flaws (e.g., non-equivalent control 
group, no pretest of equivalency of groups, posttest task was similar to training task) 
negate the finding of this study. Another study by Kurtz and Karplus (1979) investigated 
the effectiveness of a three-week Leaming Cycle program for training proportional 
reasoning in a sample of high school students. The treatment group of students received a 
proportional-reasoning Leaming Cycle program over 14 class periods, while a control 
group received expository instmction in algebra. A pretest of Piagetian tasks established 
equivalency of the two groups. Fosttests were administered to both groups, and a delayed 
posttest was administered to the treatment group. Significantly higher scores on novel 
posttest proportional-reasoning problems (specific transfer) were found in favor of the 
treatment group as compared to a control group. Delayed posttest results showed that the 
effect of training was retained, however gains on use of algebraic equations did not 
persist. A study by Wollman and Lawson (1978) on a sample (N=28) of students in the 
seventh grade found essentially the same results. Students were randomly assigned to one 
of two treatment groups. One group of students was trained in proportional reasoning 
during four (40-minute) individual Leaming Cycle sessions over a period of two weeks. 
The second group was trained using expository instmction for the same duration. Results 
showed that the Leaming Cycle students achieved significantly higher scores on novel 
proportional-reasoning tasks (specific transfer) as compared to the expository group.
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Training effects were also retained on a delayed posttest administered one month after 
instruction.
Most of the research on proportional reasoning concerns its use (and faetors that 
influence use) in the population (Akatugba & Wallace, 1999; Nummedal & Collea, 1981; 
Roth & Milkent, 1991; Thomton & Fuller, 1981; Toumiaire & Pulos, 1985). These 
studies have revealed that an individual’s M-capacity (the amount of information that can 
be attended to at any one time) and degree of field-independence (ability to extract 
relevant information and ignore irrelevant information) are significantly correlated to 
performance on proportional-reasoning tasks (Niaz, 1989; Nummedal & Collea, 1981; 
Roth & Milkent, 1991). Results from research on training proportional reasoning parallel 
those found for the Leaming Cycle, namely, that inquiry-oriented teaehing methods are 
superior to expository methods for developing reasoning skills. While both of the inquiry 
training programs showed some evidence of retention of training effects, neither tested 
for nonspecifie transfer to other reasoning skills.
Research conceming the effectiveness of training combinatorial-reasoning 
strategies is primarily limited to studies which appear to use an expository approach. In 
one study, Batanero et al. (1997) foimd higher performance on combinatorial-reasoning 
problems for a sample (N=352) of secondary students who had received instmction in 
combinatorics as compared to (non-equivalent) students who had not received 
instmction. No details on the length of instmction or use of pretests to determine 
equivalency of groups was provided. Similar results were obtained by Seigler and Liebert 
(1975) on a sample (N=60) of students (10-13 years old). Significant differences on novel 
combinatorial reasoning tasks (specific transfer) were found for students receiving 20
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minutes of rule-based instruction than for students not receiving instruction. Neither of 
these expository-oriented programs tested for retention (delayed posttests) or for 
nonspecific transfer. An inquiry-oriented training study by Barrett (1975) used 
programmed discovery instruction to train combinatorial reasoning in a sample (N=80) of 
12- to 14-year-old students. Students were randomly assigned by age to two groups. The 
training group received booklet materials that presented a series of tasks that encouraged 
students to discover combinatorial techniques, while the control group received 
mathematical problem tasks. While posttest or delayed-post results did not show a 
significant difference in favor of training, the older students did outperform the younger 
students. This study used a short treatment consisting of two half-hour sessions 
performed over a period of two weeks which may account for the absence of a significant 
effect. Again, no test of nonspecific transfer was administered.
Jones et al. (1999) investigated the effectiveness o f an inquiry-oriented instruction 
for training probabilistic thinking in a sample (N=37) of third grade students. In a 
repeated measures design, one class received training one semester, while a second class 
received training the following semester. The training program consisted of sixteen 40- 
minutes sessions over a period of eight weeks. A pretest on probabilistic tasks established 
equivalency of the two groups at the start of the first semester. A significant result in 
favor of the trained students was found on posttest scores at the end of the first semester. 
The trained class in the second semester also had significantly higher scores, however the 
effects of training on the first-semester students decreased on a delayed posttest by the 
end of the second semester. This study is interesting in that the trained students (8-9 
years) were still likely within the concrete-operational stage. Probability is a formal-
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operational schemata, so it would be expected that training would have little effect. As 
the tested tasks were very similar to the training materials, it raises the question of the 
general nature of the trained skill. Plus, the delayed test for the first instruction group 
showed a decrease in reasoning ability, so it is unlikely that a permanent change had 
occurred in the students’ mental structures. Nonspecific transfer was not tested in this 
study.
Cox and Mouw (1992) investigated the effectiveness of an inquiry-oriented 
training program to disrupt faulty probabilistic reasoning strategies such as the gambler’s 
fallacy (i.e., if  nine coin tosses yield heads, then the tenth must yield a tail). A sample 
(N=51) of college graduate students were randomly assigned to two treatment groups or a 
control group. Over a period of one hour, the treatment groups received a series of four 
problem solving tasks in which cues were added (Group 1) or removed (Group 2) in 
order to provoke the student to recognize faulty reasoning. The control group received 
questions without cues. Results showed a significant difference in favor of the treatment 
groups on an outcomes measure of probabilistic reasoning (specific transfer), but the 
difference in mean score was small between treatment and control groups. This result is 
not surprising given the duration of the treatment. As with the previous study on 
probabilistic reasoning, this study did not test for nonspecific transfer to other reasoning 
skills. In addition, this study did not test for retention (delayed posttest).
Ross and Cousins (1993) investigated the effect of instruction on correlational 
reasoning on a sample (N=278) of seventh grade students. The treatment group received 
expository instruction in correlational reasoning for a total of 6 hours over a 6 week 
period, while a non-equivalent control group received usual content-based instruction. A
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pretest of correlational reasoning established equivalency of the two groups. The results 
found a significant effect for treatment on novel correlational-reasoning posttest problems 
(specific transfer) as compared to the control group. This study did not test for retention 
or for nonspecific transfer.
The vast majority of research studies pertaining to training formal-reasoning 
operations have been for the control-of-variables scheme because it is of interest both for 
Piagetian-based as well as process-skills-based (i.e., training experimental design 
procedures) researchers. In a review of ten training studies on control of variables,
Lawson (1985) found that relatively short duration (a few sessions) expository or inquiry 
training programs can produce significantly greater immediate posttest improvements. 
Delayed posttests were given in only a few studies, and significantly different scores 
were seen only for inquiry-oriented programs. One of the studies in this review failed to 
find improved performance on novel tasks (specific transfer) when group training 
sessions were used (Lawson et al., 1975), but a follow up study found significantly higher 
scores on specific-transfer tasks when individual sessions were used in the training 
program (Wollman & Lawson, 1977). Very few studies in this review tested for 
nonspecific transfer, and none found any significant effect of training.
Rosenthal (1979) investigated the effects of specific training on the acquisition of 
formal-operational structures. In a pretest posttest control group design a sample (N=90) 
of female students with an age range of 11.2 to 12.8 years was randomly placed in a 
treatment or control group. The treatment group received two one-hour inquiry-oriented 
training sessions on the methods of controlled experimentation. The students in the 
control group viewed a slide presentation on a science topic, and then formed a
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discussion group during each of the sessions. Immediately following the sessions, all 
students were posttested on a novel control-of-variables task and a propositional-logic 
task. A delayed posttest was administered to all students ten weeks after the first posttest. 
The results of the first posttest and the delayed posttest showed significantly higher 
scores in favor of the treatment group over the control group. Rosenthal's study, while of 
short treatment duration, lends support to the position that specific instruction in a 
formal-operational schema (control of variables) can increase ability using the same 
schema but in a different context (specific transfer). This study also demonstrated that the 
effects of training can generalize to other tasks (prepositional logic) not specifically 
targeted during training (nonspecific transfer). Finally, this study is one of the few that 
examined the durability of a training procedure. The delayed posttest results showed that 
the instruction had a long lasting effect, which supports the view that a fundamental 
change had occurred in student mental structures.
A recent study by Lin and Lehman (1999) demonstrated that students who use 
reason-based justification of their actions while participating in inquiry-oriented control 
of variables training sessions demonstrate increased performance on nonspecific-transfer 
tasks. Another study by Chen and Klahr (1999) investigated the effectiveness of using 
expository instruction to train control of variables in a sample of second, third and fourth 
grade students. In the first phase of this study, children were randomly assigned to two 
treatment groups or to a no-instruction control group. Both treatment groups were asked 
to identify comparisons between variables in a task, but one group received explicit 
instruction of a control-of-variables strategy during the one-hour training session. A 
significant result on a novel control-of-variables task (specific transfer) in favor of the
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explicit instraction treatment group was found only for the older students. In the second 
phase of this study, a delayed posttest was administered seven months after training to the 
explicit instruction group and a non-equivalent control group. While a significant result 
was found in favor of training for the older students, no pretest to establish group 
equivalency reduces the credibility of this retention effect.
Sneider et al. (1984) reviewed several studies from the literature pertaining to 
control of variables and found that students from elementary to high school, in general, 
do not learn a control of variables strategy without specific instruction. In addition, it was 
seen that use of the control-of-variahles strategy, as with proportional reasoning, is 
positively correlated with an individual’s degree of field independence and M-capacity. 
However, they did find that several different types of training programs (predominately 
inquiry based) were successful in teaching the control-of-variables strategy. A meta­
analysis found several results with regard to the type of training program, the outcomes 
measures, and the research design used in a sample (N=65) of control-of-variables 
training studies (Ross, 1988). An overall positive effect-size of 0.73 was obtained for the 
training programs. Thus, posttest performance of the treatment students was greater than 
77% of the control students. A similar effect size of 0.76 was found for retention 
(delayed) tests. A significantly higher effect size was also found for individual (1.03) 
versus group (0.33) training programs. The best training programs with an effect size of 
1.00 used a cognitive-conflict model of instruction to make students aware of faulty 
reasoning. Ross also finds that ‘rules-hased’ programs which explicitly state control-of- 
variables strategies during the course of instruction had a greater effect size (1.04) than 
‘implicit’ programs (0.72), however the difference in these effect sizes was not
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significant. The nature of student practice work was also a significant factor. Higher 
effect sizes were found if student work was directed toward developing understanding of 
a control-of-variables strategy (1.29) versus developing understanding of discipline- 
specific concepts (0.09). Significantly higher effect sizes were also found if many 
contexts were used (1.26) rather than a discipline-specific context (0.50) during student 
practice. In addition, higher effect sizes were found if feedback to students focused on the 
control-of-variables skill (1.20) rather than on content knowledge (0.48). It was foimd 
that the duration of the training program was not a significant factor; however, it appears 
Ross is measuring duration in terms of actual instructor contact time. A six-hour training 
program delivered over a period of two days is likely to have a different effect than a six- 
hour program delivered over two weeks. The nature of the instrument used to test control 
of variables can also influence outcomes. The most sensitive instruments are ones that 
specifically test control of variables (0.83) and require students to justify their answers 
(0.99).
In terms of Piaget’s litmus test for the effectiveness of specific training of formal 
reasoning, many of the studies reviewed here would not pass. Most studies posttested 
novel tasks within the same reasoning skill targeted during training (specific-transfer), 
and so no evidence regarding the general nature of training could be determined 
(nonspecific transfer). In addition, few studies tested the durability of training beyond the 
end of instruction. Of those studies that administered delayed posttests, significant 
retention effects were found primarily for inquiry-oriented training programs. However, 
none of the studies reviewed here evaluated the effectiveness of training in terms of the 
overall set of mental structures of the student. Piaget stated that training should be
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evaluated in terms of the change in the individual’s overall quality of thought. The 
studies conceming training in multiple formal reasoning tasks have made better progress 
on answering Piaget’s last question, and will be reviewed next.
Training Multiple Reasoning Skills
Few research studies exist on training formal reasoning at the college level, even 
fewer studies attempt to train more than one skill at a time. In one of the few studies at 
the college level, Vass, Schiller, and Nappi (2000) investigated the effectiveness of 
expository instmction on training proportional, probabilistic, and correlational reasoning 
skills. In a pretest posttest control group design, a sample (N=103) of college students 
were randomly assigned by section to one of two treatment or no-instmction control 
groups. One treatment group received three 20-minute lecture sessions on each of the 
three reasoning skills over a period of three weeks. The other treatment group received 
two sessions on proportional and probabilistic reasoning, while the third session 
functioned as a review. Posttest results of the three reasoning skills showed a significant 
difference in favor of the treatment groups. Further analysis revealed that significant 
reasoning gains were found only for those students with little prior math or science 
background. It was also found that the treatment group that did not receive training on 
correlational reasoning had comparable gains on the posttest to the treatment group that 
was trained on all three skills. This result supports the argument of a unitary formal- 
operational stmcture. However, as details of the training are not supplied, the significant 
gain for the treatment group of non math/science students may be a rote-training effect 
rather than genuine understanding of the reasoning skills. In addition, a delayed posttest
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was not administered in this study to determine whether training effects would be 
retained after instruction.
An innovative program called Accent on Developing Abstract Thought Processes 
(ADAPT) developed at the University of Nebraska used a Learning Cycle curriculum to 
“help students move from a thought pattern that Piaget describes as concrete to more 
formal thought patterns” (Tomlinson-Keasey & Eisert, 1978). The program provided 
experiences in multiple disciplines with an integrated curriculum that emphasizes 
exploration activities in which students organize data, form hypotheses, and generalize 
findings to other areas. While this program utilized the Teaming Cycle as an instractional 
method, it is considered distinct from the studies in the previous section because the 
primary goal of ADAPT is to develop reasoning ability, not content knowledge. A 
sample (N=32) of ADAPT students were compared to a control sample (N=26) that 
attended traditional college courses. A third group consisted of (N=32) students in small 
courses that encourage group work in order to separate the nature of the curriculum used 
in ADAPT from the method of instruction. A posttest measure of logical thinking 
administered at the end of the academic year showed significantly higher scores for the 
ADAPT students.
In what is undoubtedly the most important study of training for the development 
of formal reasoning abilities, Adey and Shayer reported the outcomes of the Cognitive 
Acceleration through Science Education (CASE) project on the intellectual development 
and content achievement of middle and secondary school students (Adey, 1992; Adey & 
Shayer, 1990,1993; Shayer & Adey, 1992a, 1992b, 1993; Strang & Shayer, 1993). As in 
the United States, it was discovered in the United Kingdom through large surveys of
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students that fewer than 25% had achieved late formal reasoning (Stage IIIB) by the end 
of high school (Shayer & Adey, 1981). In response, Shayer and Adey developed a series 
of formal-reasoning intervention lessons that could be integrated within the regular 
science curriculum. The underlying theory for the design of the lessons was primarily 
based on Piaget’s theories. Each lesson began with an experience, often based in the 
laboratory, which used concepts accessible at the concrete-operational level. The primary 
purpose of this concrete preparation experience was to provide a simple environment in 
which to introduce scientific terminology. Further activities were designed to yield 
unexpected results, discrepant events that placed the student in a state of cognitive 
conflict. As the student interacted with the materials and with other students, s/he began a 
construction process in which the reasoning skill implicit in the activity was gradually 
developed on a conscious level. This process was facilitated by the teacher who 
encouraged the student to use metacognition (i.e., to think about one’s thinking 
processes). Finally, additional intervention lessons expanded use of the reasoning skill by 
bridging to another context. These five pillars (concrete preparation, cognitive conflict, 
construction, metacognition, and bridging) represent the key elements that need to be 
incorporated into an intervention in order to maximize its general and long-term effects 
on student reasoning abilities.
In the mid 1980s, Shayer and Adey tested the effectiveness of the CASE 
curriculum in several middle and secondary schools. Intervention lessons were designed 
for several formal-reasoning schemata including control of variables, proportional 
reasoning, probability, correlations, and combinatorial logic. Ten classrooms across 
seven schools received intervention lessons once every two weeks in place of a regular
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one-hour science lesson. Students in matched control classrooms received regular science 
lessons. All students were pretested to determine their level of cognitive development 
using Piagetian reasoning tasks. Two cohorts of students, one group of 11 year olds and 
another group of 12 year olds, took part in the study for a period of two academic years.
At the end of the intervention, a posttest of reasoning ability and science achievement 
was administered to all students. The same measures were re-administered one year 
following the intervention. The General Certificate of Secondary Education (GCSE), an 
exit exam for the British secondary school system, was administered to the 12 year-old 
cohort two years after intervention and to the 11 year-old cohort three years after the 
intervention.
Results on the immediate posttest of science achievement showed no significant 
difference between the intervention and control groups. However, significant differences 
were found on reasoning ability in favor of CASE students. Further analysis revealed that 
it was primarily the cohort of 12 year-old boys that was affected by the intervention. The 
distribution of gain scores from the pretest to the posttest was foimd to be bimodal for 
cohorts of 12 year-old boys and 11 year-old girls. It was determined that a smaller 
fraction of the students in these cohorts made large gains in reasoning ability while the 
remainder was not significantly different from the control students. The cohort of 11 
year-old boys and 12 year-old girls did not make any significant gains in reasoning 
ability. This age by gender interaction suggested that girls were more responsive to 
intervention at a younger age than boys. A possible explanation may lie in recent research 
on brain development which shows volume of grey matter in the frontal lobes peaking at 
approximately 11 years for females and 12 years for males (Giedd et al., 1999). The
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influence of biological maturation on cognitive development could mean that differential 
instruction of males and females may be required during their peak developmental 
periods.
At the delayed posttest administered one year after the end of the intervention, no 
significant differences were found in reasoning ability between the intervention and 
control students. It appears that the control students were able to cognitively catch up to 
the intervention students, who were now enrolled in regular science classes. However, the 
earlier gains made by the invention students appears to have affected their teaming ability 
as significantly higher scores on the science achievement measure were found for the 12 
year-old cohort and the 11 year-old cohort of girls. The delayed gains on the science 
achievement lend support to Piaget’s view that building content knowledge is 
subordinated to reasoning ability. Only when the changes in the CASE students’ mental 
stmctures achieved a higher degree of equilibrium were gains in science achievement 
possible. As with the immediate posttest, bimodal distributions of the gains on the 
science achievement measures showed that approximately half of the students in these 
cohorts made significant gains while the remainder was not different ftom the control 
students. Again, the largest gains were found for the cohort of 12 year-old boys and 11 
year-old girls.
The GCSE exams are taken by all students in the British educational system at the 
end of their secondary schooling. The achievement of the intervention and control 
students was compared in terms of percent of students achieving a grade of C or better on 
the subject exams in science, mathematics, and English. For the original cohort of 12 
year-olds that took the exit exam two years after the intervention had ended significant
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differences were found in favor of the intervention students. In particular, the cohort of 
boys had significantly higher scores in all subject exams in comparison to control boys. 
The cohort of girls had significantly higher scores only on the English subject exam. 
These results demonstrate that the intervention had effected a long-lasting change on 
student achievement. In addition, the effect of training formal reasoning in the context of 
science transferred to the domain of English. The results of the GCSE exams for the 
original cohort of 11 year-olds found almost the opposite result. No significant 
differences were found for the cohort of 11 year-old boys on any subject exam, while the 
cohort 11 year-old girls had significantly higher scores for all exams in comparison to the 
control students. Shayer and Adey suggest that high reasoning ability is a necessary, but 
not sufficient factor, for increased achievement on the GSCE exams. An alternate 
explanation may be that the cohort of 11-year-old girls received intervention lessons at an 
optimum time that coincided with maturation of their frontal lobes, while the cohort of 
11-year-old boys were not developmentally ready to benefit from the intervention.
Critical Analysis
Research on programs designed to develop formal reasoning abilities of students 
support their effectiveness for specific transfer of the reasoning skills targeted during 
training. Inquiry-based programs appear to be more effective than expository-based 
programs for specific transfer of skill, but no clear trend with respect to duration of 
training is observed. Retention of training effects is primarily limited to inquiry-based 
programs. No clear trend of the effect of treatment duration was found for retention 
effects. Programs between two and eight hours or more spread out over one day to many 
months retained effects of training on reasoning ability after treatment ended. Few
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programs investigated the general effect of training to non-targeted reasoning skills 
(nonspecific transfer), and only one program (CASE) tested in different disciplines. 
However, the results of the research appear to suggest that inquiry-oriented multi-context 
multi-skill training programs are more effective in producing nonspecific transfer than 
are single-context, single-skill training programs.
The CASE project provides the most convincing evidence of the effectiveness of 
training formal operations. This program administered a total o f 30 hours of training (30 
lessons x 1 hour) over a two-year time period. It terms of Piaget’s litmus test, the effect 
of this intervention was seen to be long-lasting (for content achievement), was 
generalized (increased gains in other contexts), and aided the development of a 
differentiated set of formal mental structures. Thus, this research provides the most 
support for the hypothesis that an instruction program which provides opportunities to 
explicitly construct an understanding of formal reasoning in different contexts over 
twelve three-hour laboratory sessions (a 36 hour treatment) will allow an individual to 
internalize and generalize patterns of formal reasoning. In fact, Shayer and Adey (1993) 
pointed to the Learning Cycle literature as a starting point for designing training 
programs, but contended that “it would be necessary to design a study with intervention 
uppermost in intention rather than [content] instruction”. And indeed, that is the purpose 
of this dissertation research. While Shayer and Adey (1992a) stated that the age range of 
11-16 years is the best period for intervention training, they do not reject the idea of 
training older students.
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SumiBiary
The relationship between ability to use formal-reasoning skills and functional 
(conceptual) understanding of science concepts points to the need for greater focus on 
intellectual development rather than on knowledge as the primary aim of instruction. 
Coupled with the realization that the majority of college freshmen cannot consistently use 
formal-reasoning skills, the aware instructor is left in a tenuous position when deciding 
the focus and strategy of instruction. The use of inquiry-oriented approaches in 
instruction has found gains in content achievement and formal-reasoning skills. This 
implicit instruction of formal-reasoning skills is contrasted to explicit instruction which 
has as its targeted goal the development of thinking skills. As with implicit instruction, 
gains in ability to use formal-reasoning skills and content achievement are seen for 
explicit instruction.
In a review of training studies on formal reasoning Lawson (1985) concludes that 
“the extent to which the training transfers to novel problems and contexts and even to 
novel reasoning patterns depends upon the length and richness of the training....” Short­
term, teacher-directed training studies result in improvements that are limited to the 
context (specific transfer) of instruction, however longer-term, less teacher-directed 
training result in improvements than are more generalizable (nonspecific transfer) to 
other reasoning contexts. Furthermore, he states that "the mere introduction of problems 
requiring the use of these schemata in one or two contexts is not sufficient for their 
internalization. Rather they become intemalized only after repeated successful and 
unsuccessful experiences with many problems." (Lawson et al., 1978) Bridging the use of
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formal-reasoning skills across many different contexts is seen as important to their 
development.
What has not been considered yet is whether an inquiry-oriented course using 
explicit as compared to implicit reasoning-skill instruction will produce greater gains in 
formal reasoning and content achievement. Here, the underlying agenda is shifted back 
one level of abstraction from the specifics of science concepts and algorithms to a raising 
of consciousness about the reasoning patterns the contexts have in common. This is the 
purpose of the current research study.
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CHAPTER III 
RESEARCH METHOD
The topics covered here define the variables used to investigate the 
research problem. The characteristics of the subject population and their environment are 
described. Details are provided about the laboratory curriculum, how it was implemented, 
and the measures used to assess its effectiveness.
Research Variables
The independent variable in this study is the nature of the learning objective 
targeted in the laboratory curriculum; namely, development of formal reasoning skills or 
imderstanding of chemistry concepts. The dependent variables include the ability to use 
formal reasoning skills, the ability to abstract use of formal reasoning from context, 
understanding of chemistry concepts, and perception of learning gains (attitude).
Subjects
The subjects consisted of a convenience sample of 91 college students enrolled in 
the first-semester of a two-semester sequence of general chemistry courses taught in 
spring semester, 2004. This course is considered a trailer course because it consists 
mainly of students who elected to take a lower-level preparatory chemistry course in the 
autumn semester and students who performed poorly in the same course in a previous 
semester. 54% of the students were freshmen, 23% were sophomores, 13% were juniors, 
5% were seniors, 1% were graduate students, and the remaining 4% were undeclared. 
Student majors consists of pre-health sciences (38%), physical sciences (35%), social
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sciences (11%), and undeclared (16%). The course consisted of three 50-minute lectures, 
one 170-minute laboratory, and one 110-minute discussion session per week, and was 
taught by one instructor assisted by two graduate teaching assistants (TA) assigned to 
supervise the four laboratory sections. Each TA supervised two laboratory sections. Each 
laboratory meeting was simultaneously attended by two sections of students and their 
TAs. The students also participated in discussion sessions based on the Peer-Led Team 
Learning (PLTL) workshop model (Gosser et al., 1996). The PLTL model consists of 
small cooperative learning groups whose problem-solving efforts are facilitated by a peer 
who has successfully completed the course. A total of eight peer leaders facilitated the 
PLTL sessions. Each laboratory section was divided into two PLTL groups, with each 
group run by the same peer leader for the duration of the semester. Peer leaders also 
attended the lectures to facilitate problem-solving exercises with their PLTL group. Each 
50-minute lecture meeting consisted of a 10-minute quiz based on material from the 
previous meeting, followed by mini-lectures and group problem-solving exercises. Small- 
group learning strategies were a prevalent characteristic of this general chemistry course.
The Laboratory Curriculum
Two sets of laboratory curricula were developed as part of this dissertation; a 
formal-reasoning-centered curriculum (FR) and a chemistry-concept-centered curriculum 
(CC). These curricula were matched in terms of the context used by the students during 
completion of each laboratory activity. All laboratory materials and procedures used to 
collect data were identical for both curricula. The questions in the laboratory reports were 
based on the data collected during the experiment.
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The laboratory procedure was separated into one or more sections, depending 
upon the number of chemical systems investigated in the experiment. Each section in the 
procedure followed a format that outlined the major tasks to be completed by the 
students. The tasks generally included collecting samples, preparing samples, measuring 
samples, and recording data. Data worksheets were provided to students. The laboratory 
procedures and data worksheets were provided to students as supplementary course 
materials at the start of the semester.
Each laboratory report consisted of three sections. The first part of the report 
(Develop) was separated into one or more sub-sections that matched the sections in the 
laboratory procedure. The questions in this part of the report directed students to 
separately analyze the data collected for each chemical system investigated. The second 
part of the report (Collective) required students to use all of the data collected during the 
experiment to answer questions. While the number of questions was identical, the nature 
of the questions in the lab report was different in the two curricula. The FR curriculum 
contained questions that required students to analyze data in order to discover formal 
reasoning skills. The CC curriculum contained questions that required students to analyze 
data in order to discover chemistry concepts. The last section of the report (Expand) 
contained questions that expanded the primary learning objective of the reports, namely, 
formal reasoning or chemistry concepts. The questions in this section for the FR 
curriculum required students to identify and apply formal reasoning skills in non- 
scientific contexts. For the CC curriculum, the questions in this last section required 
students to illustrate chemistry concepts at the particulate level. In each curriculum an 
associated vocabulary, formal-reasoning or chemistry-concept terms, was introduced.
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The reports were provided to students during the laboratory meetings upon completion of 
each activity.
The chemistry concepts targeted in the in the CC curriculum paralleled the 
content material presented in a typical first-term general chemistry course. These topics 
included properties of matter, types of chemical reactions, density, solubility, gas laws, 
mass stoichiometry, heat stoichiometry, and acid-base titration. The reasoning skills 
targeted in the FR curriculum included classification, isolation and control of variables, 
and proportional reasoning. These reasoning skills were chosen as part of the reasoning 
skill intervention because they represent the skills students need to use to learn the 
concepts (e.g., types of chemical reactions, stoichiometry) presented. The first laboratory 
developed the concept of a classification system that can be used to group chemical 
substances based on concrete properties such as color and texture. This classification 
system was extended over the next three laboratories in order to develop more abstract 
concepts of types of variables (qualitative/quantitative and independent/dependent) and 
of causal relationships that exist between variables. The concept of causal relationships 
was refined in the following three laboratories in order to develop the skill of control of 
variables. Throughout these laboratories, students were prompted to examine the effects 
of additional variables on the observed relationship between the independent and 
dependent variables in a chemical system.
The final five laboratories developed the skill of identifying and manipulating 
proportional relationships between variables. This series of experiments began with the 
concept of constant ratio and its relationship to the (linear) pattern observed on a graph of 
two proportionally-related variables. Students were then prompted to relate the concept of
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constant ratio to the (linear) algebraic equation that quantitatively describes the pattern on 
the graph. The symbolic representation of a proportional relationship with a linear 
algebraic equation was further expanded when students were prompted to evaluate the 
physical meaning of the slope and y-intercept in terms of the chemical system under 
investigation. The physical interpretation of proportional relationships was extended as 
students were prompted to discover the basis of the relationship expressed in the 
algebraic equation to the chemical equation of the system imder investigation. Finally, 
students were prompted to discover how proportional relationships can change when 
either the conditions of the experiment were altered (e.g., the relationship between 
pressure and temperature of a gas when volume is changed) or the nature of the chemical 
system was changed.
A copy of the laboratory curriculum. Chemistry by Inquiry, the targeted learning 
objectives, and the laboratory schedule are available in APPENDIX A. Students spent an 
average of two hours engaged in data collection during the laboratory. It was estimated 
that students spent approximately two hours engaged in data analysis during the 
remainder of the laboratory meeting or outside of laboratory to complete each report. The 
total time-on-task in which students were actively engaged with using the laboratory 
curriculum was approximately 48 hours (12 experiments x 4 hours/experiment) for each 
group. A photocopying error during the eleventh week of the semester (Activity C.3) 
resulted in the treatment group in the first laboratory period receiving a CC laboratory 
report instead of a FR laboratory report. This laboratory report was the second of five 
proportional-reasoning activities and targeted the concept of constant ratio and its 
relationship to the (linear) pattern observed on a graph of two proportionally related
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variables. While this error effectively reduced the amount of time the treatment group 
students in the first laboratory period were engaged with the FR curriculum, the learning 
objectives from the missed report were revisited and expanded upon in subsequent FR 
proportional-reasoning activities.
Measures 
Chemistry Concept Measures
Evaluation consisted of points allocated to the lecture, laboratory, and PLTL 
session portions of the course. The lecture portion of the course consisted of quizzes 
administered during lecture, four midterm exams, and a final exam. The laboratory 
portion of the course was evaluated with reports and quizzes. The PLTL sessions were 
evaluated by student participation.
Students were assigned a laboratory report for each of the twelve experiments 
conducted during the semester. Each laboratory report consisted of approximately seven 
questions that required students to analyze data in order to discover the major concept 
(formal reasoning skill or chemistry concept) targeted. Laboratory quizzes consisted of 
approximately four short-answer questions based within the chemistry context used in the 
laboratory reports. The midterm exams consisted of twelve questions that required 
students to apply their understanding of chemistry to solve word problems. One question 
on each midterm exam assessed concepts covered in the laboratory. The final exam for 
the course was the American Chemical Society first-term general chemistry standardized 
exam (Form 2000), which is a 70-question multiple-choice exam that assesses 
understanding of chemistry content typically covered in the first-semester of a two- 
semester general chemistry course. The entrance exam for the course was the
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standardized California Chemistry Diagnostic Test (CCDT, Form 1993), which is a 
multiple-choice exam with 44 questions that assess student background knowledge in 
chemistry and algebra. National normative data is provided in APPENDIX B for these 
two standardized tests.
Eight quizzes were administered in the laboratory to evaluate student 
understanding of chemistry concepts that require application of formal reasoning. 
Similarly, questions on four midterm exams assessed student understanding of chemistry 
concepts that require application of formal reasoning. Coding schemes were developed to 
characterize the quality of student responses to the questions. A copy of the laboratory 
question from each midterm exam and laboratory quizzes appears in APPENDIX D, and 
a copy of the coding schemes appears in APPENDIX G.
Formal Reasoning Measures
Students were assessed on their ability to use formal reasoning skills with the 
Higher-Order Thinking Skills (HOTS) Test developed by Monteyne and Cracolice 
(2004). The HOTS Test is a web-based instrument that dynamically assesses ability to 
use concrete and formal reasoning skills. The modes of reasoning that can be assessed 
using the HOTS Test include conservation, classification, control variables, 
combinatorial reasoning, proportional reasoning, compensation and equilibrium, 
hypothetical-deductive reasoning, probabilistic reasoning, and correlational reasoning. 
This test is a dynamic assessment in that the type of question presented to the student 
depends upon his/her response to the previous question. Students are presented with only 
the minimum number of questions required to determine their proficiency on a particular 
thinking skill. Each question is categorized on a difficulty level scale of easy, average.
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and hard, which was determined based on results from pilot testing. The first question 
presented to the student was at the average difficulty level. Subsequent questions 
presented to the student depend upon whether the first question is answered correctly 
(then present with hard question) or incorrectly (then present with easy question).
Students received a skill-level score that ranged from zero to three for each 
thinking skill assessed. A score of three indicates that the student was able to successfully 
answer two questions at the hard difficulty level. A score of two indicates that the student 
was able to successfully answer two questions at the average difficulty level, given 
failure of two questions at the hard difficulty level. A score of one indicates that the 
student was able to successfully answer two questions at the easy difficulty level, given 
failure of two questions at the average difficulty level. Finally, a score of zero indicates 
that the student was unable to successfully answer two questions at any difficulty level. A 
total HOTS score ranging from 0 to 15 was determined by summing the skill levels 
obtained for each skill.
Students were assigned a HOTS level ranging from zero to two based on their 
composite skill levels. The composite HOTS level represents the degree to which the 
formal-operational mental structures are organized. A HOTS level of two characterizes a 
student with an organized formal-operational structure. A HOTS level of one 
characterizes a student with a transitional disorganized formal-operational structure. A 
HOTS level of zero characterizes a student with an emergent formal-operational 
structure.
A HOTS level of two was assigned to students who attained the highest skill 
level, three, on a majority of the thinking skills assessed. A HOTS level of zero was
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assigned to subjects who attained the lower skill levels, zero or one, on a majority of the 
thinking skills assessed. A HOTS level of one was assigned to subjects who attained all 
other possible eombinations of skill levels. Table 1 provides examples of combinations of 
skill levels and their assigned HOTS level.
Table I HOTS Levels from composite Skill Levels
Skill 1 Skill 2 Skill 3 Skill 4 Skill 5 HOTS Score HOTS Level"
3 3 3 3 2 14 2
3 3 3 2 1 12 2
3 3 2 2 1 11 1
2 2 2 1 1 8 1
1 1 1 2 2 7 0
1 1 0 0 2 4 0
A majority represents at least three of the five skills that were assessed
The HOTS levels of 0,1, and 2 were developed to represent the developmental 
stages of concrete, transitional, and formal, respectively. The term concrete cannot be 
applied here because students at HOTS level 0 do display some capacity for formal 
reasoning. The terms emergent, disorganized, and organized are used instead to represent 
the degree of integration of the formal-reasoning mental structure at HOTS level 0, 1, and 
2, respectively. In terms of Piagetian stages, it is predicted that students classified as late 
formal-operational (Substage IIIB) would achieve a HOTS level of two. Students 
classified as early formal-operational (Substage IIIA) would achieve HOTS levels of one. 
Finally, it is predicted that students classified as late concrete-operational (Substage IIB) 
would achieve a HOTS level of zero. Students classified as early concrete-operational
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(Substage IIA) or pre-operational (Stage I) are predicted to achieve the lowest skill level, 
zero, on each reasoning skill and hence a HOTS level of zero. Further research is needed 
to clarify the relationship between developmental stages and HOTS levels because 
application of the HOTS Test has been limited to college students.
Pen-and-paper measures of intellectual development assign developmental stages 
based on cut-off points across the range of possible scores on the assessment. For 
example, Lawson (1978) classified students as concrete if they scored between 0 and 5 
points on the Test of Formal Reasoning. A score between 6 and 11 was classified as 
transitional, and a score between 12 and 15 was classified as formal. The HOTS level 
better represents the overall level of student intellectual development because it does not 
classify students whose scores differ by only one point into different stages.
This web-based instrument was initially piloted on general chemistry students in 
autumn semester 2002. A validation study was conducted in the spring semester of 2003 
on a sample (N=145) of students enrolled in a general, organic, biochemistry course. 
Each subject completed a random subset of three skills from a total of six skills available 
on the HOTS test (conservation, control of variables, combinatorial reasoning, 
proportional reasoning, probabilistic reasoning, and correlational reasoning) and a series 
of questions from a published measures of reasoning ability (Group Assessment of 
Logical Thinking) which has been shown to have good validity and reliability 
(Roadrangka et al., 1983). A significant correlation of 0.73 was found between the total 
scores of the two measures, which provides support for the validity of the HOTS test. 
Further information on the HOTS test is provided in APPENDIX C. Example questions 
are also provided for the reasoning skills of conservation, control of variables,
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combinatorial reasoning, proportional reasoning, probabilistic reasoning, and 
correlational reasoning.
Further assessment of formal reasoning ability also occurred on a set of questions 
included on midterm exams and laboratory quizzes throughout the semester. These 
questions evaluated student ability to use formal reasoning skills within the context of 
chemistry. Because of the relationship between ability to use formal reasoning and 
understanding of chemistry concepts, these questions were also be considered measures 
of understanding of chemistry content as discussed in the previous section. Coding 
schemes were developed to characterize the quality of student responses to the questions. 
A copy of the laboratory question from each midterm exam and laboratory quizzes 
appears in APPENDIX D, and a copy of the coding schemes appears in APPENDIX G.
Attitude Measure
Student attitudes toward the laboratory component of the general chemistry 
course was assessed using the web-based Student Assessment of Learning Gains (SALG) 
instrument (Seymour, 1997). The SALG differs from traditional course evaluations that 
focus upon faculty teaching performance and overall student perception of the value of 
the course. In the SALG, students were asked questions about the perceived learning 
gains they achieved in the course. The construct of attitude toward science was 
operationalized in terms of student perceived learning gains as a result of laboratory 
instruction. The SALG uses a Likert scale to rank elements of the course with respect to 
gains made in learning concepts or skills, and appreciation or application of course 
material, as well as whether the course material will be retained and used in future 
classes. The structure of the instrument is flexible in that an instructor can modify or add
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questions to the SALG in order to assess different learning objectives. A copy of the 
SALG instrument is provided in APPENDIX E.
Abstraction of Formal Reasoning from C ontext
A sample of twelve students was interviewed on their ability to abstract use of 
formal reasoning skills from context. Each student was asked to solve a series of 
problems that require the use of the same formal reasoning skills in different contexts 
(e.g., scientific/chemistry versus everyday context). The reasoning skill chosen for this 
interview was proportional reasoning; a skill that is ubiquitous in general chemistry. 
Students were then asked questions about the structure of and strategies used to solve the 
problems. A semi-structured format was used with each student receiving the same initial 
set of interview questions; follow-up questions were adapted based upon the student 
responses. The goal of this interview was to determine whether students focused 
primarily on the surface-level characteristics of a set of problems (i.e., the context) or on 
the similar strategies (i.e., the reasoning skill) used to solve the problems. A copy of the 
interview forms and problems is provided in APPENDIX F
Procedure
This study used an experimental pretest posttest control group design. The 
laboratory portion of the course was scheduled during two consecutive three-hour 
periods, with two sections attending the same period. All students were pretested with a 
measure of formal reasoning ability and a measure of content knowledge. The HOTS test 
was used to measure formal reasoning ability, and the combination of scores on the skills 
was used to assign each student to a HOTS level. Five formal-reasoning skills were
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assessed using the HOTS Test (control of variables, combinatorial reasoning, 
proportional reasoning, probabilistic reasoning, and correlational reasoning).
The California Chemistry Diagnostic Test was used to assess students’ background 
knowledge in chemistry and algebra. Both assessments were administered during the first 
laboratory meeting of the semester. Additional demographic (age, sex), student (class 
status), and educational background (number of science and math courses completed in 
high school and college, current college science or math courses) data were collected 
while students completed the HOTS test. The treatment and control groups were formed 
after the first laboratory meeting.
The two sections of students enrolled in each laboratory period were assigned 
using a matching process to either the treatment or control group. Pairs of students with 
the same HOTS level, similar skill levels, and similar CCDT scores were identified 
within each laboratory period. One member of the pair was randomly selected into the 
treatment group; the other was placed into the control group. A matching process was 
used to form the treatment and control groups because random assignment of the 
relatively small-sized sample of students in each laboratory period may not result in 
uniform distributions of content knowledge and thinking skill ability. In addition, a 
matching process increases power as it reduces variability.
Each group in the two laboratory periods was supervised by one teaching 
assistant. Student attendance at the laboratory was monitored throughout the semester in 
order to check for differential attrition. The treatment group consisted of students that 
received laboratory materials which aimed to develop formal reasoning ability. The 
control group consisted of students that received laboratory materials which aimed to
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develop understanding of chemistry concepts. Groups of two to three students were 
allowed to work together for data collection. Instruction in the treatment and control 
group was administered during twelve laboratory meetings from the second to the 
fourteenth week of the semester.
Students were assessed for formal-reasoning ability and chemistry concept 
understanding throughout the course of the semester by laboratory quizzes and questions 
on the midterms exams. These measures functioned as immediate or delayed posttest 
depending upon the interval between instruction and assessment; an interval of one week 
or more was classified as a delayed posttest.
In the thirteenth week, students were solicited for participation in interviews. The 
interview subjects were selected from the initial sample of 30 subjects that agreed to 
participate. Twelve subjects were selected for interviews; six from each research group. 
The selection process balanced the pretest HOTS level and sex of the interview subjects 
from each research group. The interviews were conducted during the fourteenth week of 
the semester. Each subject completed a set of eight problems which had either a 
chemistry context or a general (non-chemistry) context; all problems required the 
application of proportional reasoning. Upon completion of the problems, subjects were 
asked questions about the structure of and the strategies used to solve the problems. 
Subjects were paid an honorarium of ten dollars for participating in the interview.
At the end of the semester, all students were assessed for formal reasoning ability 
using the HOTS test. This test functioned as a delayed posttest for reasoning skills 
targeted earlier in the semester. It also functioned as an overall assessment of formal 
reasoning across multiple skills and was used to assign post-treatment HOTS levels.
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Students also completed an attitudinal survey (SALG) to determine their perception of 
learning gains associated with the laboratory component of the course. A standardized 
ACS final exam was administered at the end of the semester in order to evaluate student 
understanding of chemistry concepts.
A power analysis using the Independent Samples T-test was performed to 
determine the range of differences in population means, 5, between the control and 
treatment group scores that could be detected for the ACS general chemistry exam and 
the HOTS test. While the scores from the HOTS test result in an ordinal scale, the overall 
distribution is fairly normal and a power analysis using a T-test gave an indication of the 
range of differences in HOTS scores that could be detected. The Type-I error rate, a , was 
set at 0.05 and the standard deviation was estimated from data collected in a previous 
semester (a = 15 for the ACS exam and a  = 3 for the HOTS test). The Power Analysis 
and Sample Size Program (Dupont & Plummer, 1997) was used to produce the graphs of 
sample size versus power for selected differences in population means shown in Figures 
1 and 2 for the ACS general chemistry exam and the HOTS test, respectively. The power 
analysis revealed that 36 subjects per group are required to detect a difference of 10 
points on the ACS exam when power is set equal to 0.80 (see Figure 1). Similarly, 36 
subjects per group are required to detect a difference of 2 points on the HOTS test when 
power is set equal to 0.80 (see Figure 2).
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Figure II Power analysis for the HOTS test
Several procedural controls were used to insure the validity of the experiment. 
The effect of the teaching assistant (TA) was controlled by assigning each TA to 
supervise both a treatment and a control group. In addition, TAs attended one-hour 
meetings each week in order to discuss materials and strategies used to interact with 
students during the next laboratory. The TAs received a set of guiding questions that
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were used during each laboratory period. The questions had a similar format for both the 
treatment and control groups, but were designed to facilitate the different learning 
objectives of the two groups. With the treatment group students, the guiding questions 
helped the TAs to facilitate understanding of formal reasoning skills. With the control 
group students, the guiding questions helped the TAs to facilitate understanding of 
chemistry concepts. A copy of the guiding questions is provided in APPENDIX A.
Treatment diffusion may be problematic because both treatment and control 
groups used the same laboratory facility. However, these groups performed experiments 
in separate sections of a common laboratory room, and TAs were encouraged to keep 
their students in the assigned section. Students were allowed to work cooperatively and 
submit a group report written with data collection partners, or work individually and 
submit a separate report.
All students attended weekly Peer-Led Team Learning (PLTL) sessions that 
consisted of small groups of students working cooperatively on chemistry problems and 
facilitated by an peer leader. Each laboratory section had an associated PLTL session that 
occurred at different times during the week. Once a peer leader was assigned a group of 
students, they met in rooms separate from the other peer leaders assigned to the same 
section. The effect of the peer leaders was partially controlled by randomly assigning 
students to leaders within each treatment and control group. This procedure helped to 
prevent treatment diffusion within the discussion sessions because all students associated 
with a particular peer leader were either treatment or control students. While it was not 
possible to assign a peer leader to both a treatment and control group, the relatively 
inexperienced efforts of the leaders was not expected to cause a significant difference
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between the two groups. Peer leaders were instructed to limit conversation among 
students about the laboratory during the PLTL discussion sessions. Student attendance at 
the discussion sessions was monitored throughout the semester.
The use of random matched assignment reduces the plausibility of other possible 
confounding variables. Selection bias was not a problem at the level of a laboratory 
period because students were randomly assigned to a research group. However, 
differences were expected between students enrolled either in the first period or the 
second period, hence control and treatment groups were formed within each laboratory 
period. Maturation (naturally occurring growth) and history (concurrent environmental 
events) are not considered plausible confounding variables as the sample of chemistry 
students was homogeneous and was exposed to similar environments. Testing effects 
were controlled by giving the same measures to both groups. In addition, a testing effect 
was not expected for the HOTS test because it is not a static measure, and a period of 
approximately fourteen weeks elapsed between pre- and posttest administrations.
The largest threats to the validity of this experiment, treatment diffusion and 
attrition, were controlled by forming homogeneous PLTL discussion groups and 
monitoring laboratory attendance. Treatment fidelity was also be monitored by 
observations of the teaching assistants during the laboratory and comparing completion 
rates for laboratory reports between the two groups. Experimenter bias during data 
analysis was controlled by determining inter-rater agreements on assessments scored by 
the experimenter and another rater.
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CHAPTER IV 
RESULTS
The topics covered here summarize the measures used to describe the 
characteristics of the subjects before and as a result of laboratory-based instruction. The 
equivalency of the research groups is established before the results from the measures are 
compared. A copy of the data files generated in this study is located in APPENDIX I.
Descriptive Statistics 
Pre-Instruction Measures
Pre-instruction assessments were completed by subjects in the separate laboratory 
periods during the first week of the semester. The morning laboratory period (11:10 AM -  
2;00PM) had an enrollment of 43 subjects, and the afternoon laboratory period (2:10PM 
-  5:00PM) had an enrollment of 48 subjects. Subjects were assessed for pre-instruction 
chemistry-content knowledge using the California Chemistry Diagnostic Test (CCDT, 
Form 1993). A summary of the results of the CCDT for each laboratory period appears in 
Table 2.
Table II Summary CCDT Statistics by Laboratory Period
Laboratory Period n M SD Minimum Maximum
11:10AM-2:00PM 43 22.2 62 2 36
2:10PM-5:00PM" 47 24.0 5.6 14 34
^One student did not complete the CCDT
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Subjects were assessed with the HOTS Test for ability to use five formal- 
operational thinking skills. Upon completion of the HOTS Test, each subject was 
assigned a skill level ranging from zero to three for each thinking skill. A summary of the 
results of the HOTS Test for each laboratory period appears in Table 3.
Table III Summary HOTS Skills by Laboratory Period
Skill Level
Skill n 0 1 2 3
11:10AM--2:00PM
Control of Variables 43 8 4 8 23
Proportional Reasoning 43 5 7 6 25
Combinatorial Reasoning 43 4 7 14 18
Probabilistic Reasoning 43 2 6 15 20
Correlational Reasoning 43 14 8 7 14
2:10PM - 5:00PM“
Control of Variables 47 4 6 8 29
Proportional Reasoning 47 2 4 13 28
Combinatorial Reasoning 47 12 3 26 17
Probabilistic Reasoning 47 0 2 15 30
Correlational Reasoning 47 11 9 17 10
“One student did not complete the pretest HOTS Test
The skill levels from each thinking skill were summed to give a total HOTS score 
ranging from zero to fifteen for each subject. A summary of the results of the HOTS 
score for each laboratory period appears in Table 4.
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Table IV Summary HOTS Score by Laboratory Period
Laboratory Period N M SD Minimum Maximum
11:10AM -2:00PM 43 10.0 3.7 0 15
2 :1 0 P M -5 :OOPM“ 47 11.2 2.5 4 14
“One student did not complete the pretest HOTS Test
Subjects were assigned a HOTS level ranging from zero to two based on their 
composite skill levels. A HOTS level of two was assigned to subjects who attained the 
highest skill level, three, on at least three of the five thinking skills assessed. A HOTS 
level of zero was assigned to subjects who attained the lower skill levels, zero or one, on 
at least three of the five thinking skills assessed. A HOTS level of one was assigned to 
subjects who attained all other possible combinations of skill levels. A summary of the 
results of the HOTS levels for each laboratory period appears in Table 5.
Table V Summary HOTS Level by Laboratory Period
Laboratory Period n 0
HOTS Level
1 2
11:10AM -2:00PM 43 11 14 18
2 :1 0 P M -5 :OOPM“ 47 2 22 23
“One student did not complete the pretest HOTS Test
The HOTS level better represents the overall level of intellectual development 
than pen-and-paper measures because it does not classify students whose scores differ by 
only one point into different stages, but effectively separates the distribution of HOTS 
scores shown in Figure 3 into three HOTS level distributions. Table 6 provides the details 
of these distributions for each HOTS level. Note that the distributions do not overlap
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within one standard deviation, and the range of HOTS scores at each HOTS level 
approximates the cut-off ranges described by Lawson (1978) for the stages of concrete 
(0-5), transitional (6-11), and formal (12-15) on his 15-point test. A plot of the range of 
HOTS scores within one standard deviation for each HOTS level is shown in Figure 4.
Pretest HOTS Test
<D 10 
jQ
8 9 10 11 12 13 14 15
HOTS Score
Figure III Pretest HOTS Scores
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Table VI Pretest HOTS Score by HOTS Level
HOTS Level
HOTS Score
n M SD Minimum Maximum
0 13 5.2 2.2 0 8
1 36 9.7 1.6 6 12
2 41 13.2 1.3 10 15
15
10
CO
h "
O
X
[]
[]
0 1 2
HOTS Level 
Figure IV Range of HOTS Scores by HOTS Level
The results from the HOTS Test and CCDT were used to place matched pairs of 
subjects into control and treatment laboratory groups within each laboratory period. A 
summary of the results of the CCDT assessment for each laboratory group appears in 
Table 7.
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Table VII Summary CCDT Statistics by Laboratory Group
Laboratory Group TA“ n M SD Minimum Maximum
11:10 A M -2:00PM
Control A 20 22.8 5.0 12 30
Treatment B 23 21.6 7.1 2 36
2:10PM-5:00PM
Control*’ B 23 24.0 4.9 14 33
Treatment A 24 23.9 6.3 14 34
“TA = teaching assistant assigned to a laboratory group 
'’One student did not complete the CCDT
A summary of the level for each thinking skill, HOTS level, and HOTS score 
jfrom the pretest HOTS Test appears in Tables 8-10 for each laboratory group.
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Table VIII Summary HOTS Skills by Laboratory Group
Skill Level
Laboratory Group n 0 1 2 3
11:10AM--2:00PM
Control
Control o f Variables 20 3 2 3 12
Proportional Reasoning 20 3 2 4 11
Combinatorial Reasoning 20 2 4 7 7
Probabilistic Reasoning 20 2 3 5 10
Correlational Reasoning 20 6 4 2 8
Treatment
Control of Variables 23 5 2 5 11
Proportional Reasoning 23 2 5 2 14
Combinatorial Reasoning 23 2 3 7 11
Probabilistic Reasoning 23 0 3 10 10
Correlational Reasoning 23 8 4
2:10PM -
5
5:00PM
6
Control®
Control o f Variables 23 2 3 3 15
Proportional Reasoning 23 0 2 6 15
Combinatorial Reasoning 23 1 1 13 8
Probabilistic Reasoning 23 0 2 7 14
Correlational Reasoning 23 7 5 8 3
Treatment
Control of Variables 24 2 3 5 15
Proportional Reasoning 24 2 2 7 13
Combinatorial Reasoning 24 0 2 13 9
Probabilistic Reasoning 24 0 0 8 16
Correlational Reasoning 24 4 4 9 7
®One student did not complete the pretest HOTS Test
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Table IX Summary HOTS Level by Laboratory Group
Laboratory Group n 0
HOTS Level
1 2
11:10AM-2:00PM
Control 20 5 6 9
Treatment 23 6 8 9
2:10PM-5:00PM
Control® 23 1 11 11
Treatment 24 1 11 12
®One student did not complete the pretest HOTS Test
Table X Summary HOTS Score by Laboratory Group
Laboratory Group TA® n M SD Minimum Maximum
11:10AM-2:00PM
Control A 20 10.1 3.9 0 15
Treatment B 23 10.0 3.6 3 15
2.T0PM-5:00PM
Control’’ B 23 11.0 2.4 6 14
Treatment A 24 11.3 2.7 4 14
®TA = teaching assistant assigned to a laboratory group 
’’One student did not complete the pretest HOTS Test
Group Equivalency
Subjects in the control and treatment groups within each laboratory period are 
equivalent because of the matching procedure used to form the groups. The results in 
Tables 7-10 reveal no significant differences. However, it is desirable to combine like 
groups across the two laboratory periods to form one control and one treatment group
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with a larger number of subjects. The design used in this study controlled for potential 
influences by the teaching assistant (TA) by assigning each assistant to both a control and 
a treatment group (see Table 10). In addition, control and treatment groups were formed 
within each laboratory period to avoid a potential selection bias in the results. However, it 
is plausible that a TA may influence the results differentially across the two laboratory 
periods over the course of the semester. The interaction between TA and laboratory 
period was tested using a two-way analysis of variance (ANOVA) on the results of the 
ACS final exam. A summary of the results of the ACS final exam for each TA and for 
each laboratory period appears in Table 11, and the results o f the two-way ANOVA 
appear in Table 12.
Table XI Summary ACS Final Exam Statistics by Teaching Assistant and Laboratory Period
n M  SD Minimum Maximum
Teaching Assistant 
A 37 71.1 25.0 3 99
B 35 71.8 21.3 28 99
Laboratory Period
11:10AM-2:00PM 30 68.7 25.1 3 99
2:10PM-5:00PM 42 73.5 21.7 8 99
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Table XII Two-way Analysis of Variance for ACS Final Exam
Source Degrees of Freedom
Sum of 
Squares
Mean
Square F j9-value
TA 1 16.130 16.130 .029 .864
Laboratory Period 1 381.577 381.577 .695 .407
TA X Laboratory Period 1 95.759 95.759 .174 .678
Error 68 37341.560 549.141
There are no main effects and no interaction effects at the 0.05 level of 
significance.
The four laboratory groups were collapsed to form two research groups, control 
and treatment. While no TA effects were found, Tables 7 ,9, and 10 show that the 
subjects enrolled in the second laboratory period achieved higher scores on the CCDT 
and HOTS Test. Because control and treatment groups were formed within each 
laboratory period, the collapsed research groups each consist of subjects from the higher- 
achievement second laboratory period and the lower-achievement first laboratory period. 
The two research groups were compared for significant differences on the pretest 
measures.
A summary of the results of the CCDT assessment for each research group 
appears in Table 13.
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Table XIII Summary CCDT Statistics by Research Group
Research Group n M SD Minimum Maximum
Control® 43 23.4 4.9 12 33
Treatment 47 22.8 6.7 2 36
“One student did not complete the CCDT
By inspection, there is no significant difference between the mean scores on the
CCDT.
A summary of the skill level for each thinking skill appears in Table 14 for each 
research group. The skill level from the HOTS test is an ordinal scale that determines 
ability to use a thinking skill. The Mann-Whitney U-test, the non-parametric statistical 
equivalent of the Independent Samples T-test for interval scale data, was used to compare 
the ordinal skill levels between the two research groups. This test compares differences in 
distributions of scores as opposed to differences in average scores between two groups. 
The U-test rank orders the data and determines the number of times a score from one 
group precedes a score fi'om the second group. The results of the comparison appear in 
Table 15. A mean rank is determined for each research group and the U-statistic is the 
number of times a score (rank) from the first group (control) preceded a score from the 
second group (treatment).
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Table XIV Summary HOTS Skills by Research Group
Skill Level
Research Group n 0 1 2 3
Control of Variables
Controf 43 5 5 6 27
Treatment 47 7 5 10 
Proportional Reasoning
25
Controf 43 3 4 10 26
Treatment 47 4 7 9 
Combinatorial Reasoning
27
Control® 43 3 5 20 15
Treatment 47 2 5 20 
Probabilistic Reasoning
20
Control® 43 2 5 12 24
Treatment 47 0 3 18 
Correlational Reasoning
26
Control® 43 13 9 10 11
Treatment 47 12 8 14 13
®One student did not complete the pretest HOTS Test
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Table XV Mann-Whitney Independent Samples Test for Pretest HOTS Skills by Research Group
Research Group n Mean Rank U /7 -v a lu e
Control of Variables
Control® 43 47.55 922.5 0.426
Treatment 47 43.63
Proportional Reasoning
Control® 43 46.70 959.0 0.639
Treatment 47 44.40
Combinatorial Reasoning
Control® 43 43.41 920.5 0.431
Treatment 47 47.41
Probabilistic Reasoning
Control® 43 44.50 967.5 0.696
Treatment 47 46.41
Correlational Reasoning
Control® 43 43.80 937.5 0.542
Treatment 47 47.05
®One student did not complete the pretest HOTS Test
There are no significant differences between the distributions of control and 
treatment research group skill levels at the 0.05 level of significance.
A summary of the HOTS level appears in Table 16 for each research group.
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Table XVI Summary HOTS Level by Research Group
Research Group N 0
HOTS Level
1 2
Control® 43 6 17 20
Treatment 47 7 19 21
“One student did not complete the pretest HOTS Test
By inspection, there is no significant difference between the distributions of 
HOTS levels.
The sum of the skill levels (HOTS score) is shown in Figure 5 for each research 
group. Table 17 provides details of the two distributions of HOTS scores.
< D
£ 10
Control
Treatment
6 9 12 15
HOTS Score
Figure V Pretest HOTS Score by Research Group
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Table XVII Summary HOTS Score by Research Group
Research Group n M SD Minimum Maximum
Control" 43 10.5 3.2 0 15
Treatment 47 10.7 3.2 3 15
®One student did not complete the pretest HOTS Test
By inspection, there is no significant difference between the HOTS scores.
Additional information was collected from the subjects during the HOTS test. A 
summary of the self-reported age, sex, class status, and educational background for each 
research group appears in Tables 18-21. The CCDT and HOTS Test results were the 
primary variables considered in the matching process to create the laboratory groups. 
Influences from age, sex, and educational background were considered to be of less 
importance than effects from content knowledge (CCDT) and thinking skill ability 
(HOTS).
Table XVIII Summary Age Statistics by Research Group
Research Group n h f SD Minimum Maximum
Control 44 22.5 5.3 18.1 40.4
Treatment 47 22.9 6.0 18.5 50.6
^Mean age in years
By inspection, there are is significant difference in the mean age.
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Table XIX Summary Sex Statistics by Research Group
Research Group N Male Female Ratio®
Control 44 15 29 0.34
Treatment 47 23 24 0.49
‘Ratio of males in research group
The treatment group consists of a larger fraction of male subjects.
Table XX Summary Class Statistics by Research Group
Class n Control Treatment
Freshman 49 25 24
Sophomore 21 10 11
Junior 12 4 8
Senior 5 4 1
Graduate 1 0 1
Other 3 1 2
The majority of the subjects were at the freshman and sophomore undergraduate 
class level, and these students were evenly distributed across the two research groups. 
The remainder of the subjects were either upper-level undergraduate (junior or senior) or 
at the graduate level. Upper-level subjects were distributed evenly across the two 
research groups. Three subjects did not declare a class status.
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Table XXI Summary Educational Background Statistics by Research Group
Educational Background n SD Minimum Maximum
High-school Chemistry
Control 44 0.9 0.6 0 2
Treatment 47 0.9 0.5 0 2
College Chemistry
Control 44 0.6 0.7 0 2
Treatment 47 0.5 0.7 0 3
College Math
Control 41 1.3 1.0 0 3
Treatment 46 1.5 1.0 0 4
®Mean number of completed courses
The subjects in the two research groups have similar educational backgrounds in 
terms of self-reported number of completed courses in high-school and college-level 
chemistry, and college-level math.
Group Attrition
The control group consisted of 44 subjects and the treatment group consisted of 
47 subjects at the start of the study. Group attrition can be evaluated by determining the 
number of subjects who completed the ACS final exam. Thirty-five treatment subjects 
completed the ACS final exam, yielding a net loss of 12 subjects from the original 
sample. However, of the 12 treatment subjects who did not complete the study, 4 of these 
attended three weeks or less of lecture and completed at most two laboratory activities. It 
is unlikely that these 4 subjects dropped as a result of the laboratory-based research
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study. Removing these 4 subjects leaves a net attrition of 8 subjects from the treatment 
group over the duration of the semester. Thirty-seven control students completed the 
ACS final exam, yielding a net loss of 7 subjects from the original sample. No 
differential attrition rate was found between the two research groups.
A summary of the pre-instruction CCDT and HOTS test results for the subjects 
who did not complete the research study appears in Table 22.
Table XXII Summary CCDT and HOTS Scores by Research Group for Attrition Subjects
Research Group n M SD Minimum Maximum
CCDT
Control 1 21.4 4.4 15 26
Treatment 12 19.0 7.9
HOTS“
2 36
Control 7 10.1 4.8 0 14
Treatment 12 8.9 3.6 3 13
“pretest HOTS Test
By inspection, there are no significant differences in the characteristics of the 
subjects who left the study between the two research groups. The control and treatment 
groups can still be considered equivalent on the pre-instruction measures.
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Causal-Comparative Statistics
Chemistry C oncept Measures
Total points on the ACS final exam and the four midterm exams were used to 
evaluate of understanding of chemistry concepts used. In addition, selected questions 
from midterm exams and laboratory quizzes were coded for assessment of understanding 
of chemistry concepts.
Course Exams
A summary of the results of the ACS final exam for each research group appears 
in Table 23.
Table XXIII Summary ACS Final Exam Statistics by Research Group
Research Group n M SD Minimum Maximum
Control 37 70.3 23.6 3 99
Treatment 35 72.7 22.8 8 99
By inspection, there is no significant difference between the mean scores on the 
ACS final exam. A summary of the results of the ACS final exam for each research group 
as a function of posttest HOTS level appears in Table 24. The posttest HOTS Test and 
the ACS final exam were completed within one week of each other, so the posttest HOTS 
level was used because it represents the concurrent developmental level of the subjects.
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Table XXIV Summary ACS Final Exam Statistics by Research Group and HOTS Level
HOTS Level"
0 1 2
Research Group n M SD n M SD n M SD
Control*’ 4 62.0 23.7 8 51.0 30.0 23 80.1 15.4
Treatment 2 72.0 11.3 12 64.3 27.8 21 77.5 19.7
posttest HOTS level
'’Two students did not complete the posttest HOTS Test
Subjects classified at HOTS level two achieved higher scores than subjects at the 
lower HOTS levels. While subjects at HOTS level zero achieved higher scores than 
subjects at HOTS level one, the small number of subjects at HOTS level zero limits 
interpretation of the data. Treatment subjects at HOTS levels zero and one achieved 
higher scores than corresponding control subjects. Control and treatment subjects 
achieved similar scores at HOTS level two.
A summary of the results of the midterm exams for each research group appears 
in Table 25.
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Table XXV Summary Midterm Exams Statistics by Research Group
Research Group n M SD Minimum M aximum
Midterm Exam 1
Control 42 75.0 12.5 41 97
Treatment 44 72.1 15.0 36 
Midterm Exam 2
95
Control 43 58.7 19.4 13 90
Treatment 40 54.2 19.5 1 
Midterm Exam 3
83
Control 38 59.1 19.2 12 85
Treatment 37 53.9 20.5 13 
Midterm Exam 4
89
Control 38 51.8 18.1 12 80
Treatment 35 52.6 17.6 11 88
By inspection, there are no significant differences between the mean scores on the 
midterm exams of the two research groups.
A summary of the results of the first and last midterm exam for each research 
group as a function of HOTS level appears in Table 26 and 27. The pretest HOTS Test 
and the first midterm exam were completed within three weeks of each other, so the 
pretest HOTS level was used because it represents the concurrent developmental level of 
the subjects. The posttest HOTS Test and the first midterm exam were completed within 
one week of each other, so the posttest HOTS level was used because it represents the 
concurrent developmental level of the subjects.
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Table XXVI Summary Midterm Exam 1 Statistics by Research Group and HOTS Level
HOTS LeveT
Research Group n M  SD n M  SD n M  SD
Control 6 67.4 15.4 17 72.2 10.4 19 79.8 12.0
Treatment 6 50.6 17.4 18 71.7 11.0 20 78.8 11.3
‘‘pretest HOTS level
Subjects classified at higher HOTS levels achieved higher scores than subjects at 
lower HOTS levels. While control subjects at HOTS level zero achieved higher scores 
than treatment subjects at HOTS level zero, the small number of subjects at HOTS level 
zero limits interpretation of the data. Control and treatment subjects achieved similar 
scores at HOTS levels one and two.
Table XXVII Summary Midterm Exam 4 Statistics by Research Group and HOTS Level
HOTS Levef
Research Group n M  SD n M  SD n M  SD
Control’’ 4 54.3 18.7 8 43.0 16.0 23 57.8 15.8
Treatment" 2 56.0 2.8 12 50.1 15.0 20 53.5 20.4
^posttest HOTS level
’’Three students did not complete the posttest HOTS Test 
"One student did not complete the posttest HOTS Test
There is no clear trend for the average score on the fourth midterm exam with 
respect to HOTS level. Treatment subjects at HOTS level one achieved higher scores
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than corresponding control subjects. Control and treatment subjects achieved similar 
scores at HOTS levels zero and two.
Coded Questions
A summary of the midterm exam and laboratory quiz questions that were coded 
for understanding of different chemistry concepts appears in Table 28. These coding 
schemes were derived by collapsing the original five- to six-level schemes that were used 
to code the questions. A copy of each question is available in APPENDIX D, and a copy 
of the original and collapsed coding schemes is available in APPENDIX G. A random 
sample of 123 questions distributed across the different chemistry-concept questions was 
coded by two advanced-level chemical-education graduate students using the original 
coding schemes. Coding on 115 questions matched between the two raters; an agreement 
rate of 93%. Differences in codes were resolved.
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Table XXVIII Chemistry Concept Questions Coding Schemes
Question Concept ResponseLevel Attribute
Quiz 1 
Objective 2
Terminology 1 Good organization of terms
0 Poor organization of terms
Quiz 3 
Objective 6
Limiting
Reactant 1
0
Good understanding -  reaction is 
limited
Poor understanding -  reaction is 
not limited
Quiz 5 
Objective 1
Density 2
1
0
Good understanding -  solutions 
have same density
Poor understanding -  solutions 
have different densities
No understanding
Quiz 7 
Objective 1
Quiz 7 
Objective 3
Exam 4 
Objective 2
Properties of 
an Ideal Gas
Properties of 
an Ideal Gas
Symbolic and 
Algebraic 
representations
1
0
1
0
Good understanding -  correct 
relationships between variables
Poor understanding -  incorrect 
relationships between variables
Good understanding -  correct 
relationships between variables
Poor understanding -  incorrect 
relationships between variables
Explicit connection between 
symbolic and algebraic 
representations
Implicit connection between 
symbolic and algebraic 
representations
No connection between symbolic 
and algebraic representations
104
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A summary of the results of the coded chemistry concept questions for each 
research group appears in Table 29.
Table XXIX Summary Chemistry Concept Questions by Research Group
Response Level
Research Group n 0 1 2
Quiz 1 Objective 2“
Control 39 28 11
Treatment 46 28 18 
Quiz 3 Objective 6“
Control 40 13 27
Treatment 38 22 16 
Quiz 5 Objective l ’’
Control 41 6 7 28
Treatment 38 4 11 
Quiz 7 Objective 1“
23
Control 35 9 26
Treatment 34 8 26 
Quiz 7 Objective 3“
Control 35 13 22
Treatment 34 7 27 
Exam 4 Objective 2’’
Control 38 25 3 10
Treatment 35 22 6 7
“Two-level coding scheme 
’̂ Three-level coding scheme
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The non-parametric U-test was used to compare the ordinal response levels 
between the two research groups for each chemistry concept question. The results of the 
comparison appear in Table 30.
Table XXX Mann-Whitney Independent Samples Test for Chemistry Concept Questions
Research Group n Mean Rank U p-value
Quiz 1 Objective 2
Control 39 40.49 799.0 0.293
Treatment 46 45.13
Quiz 3 Objective 6
Control 40 44.33 567.0 0.025
Treatment 38 34.42
Quiz 5 Objective 1
Control 41 41.01 737.5 0.631
Treatment 38 38.91
Quiz 7 Objective 1
Control 35 34.63 582.0 0.834
Treatment 34 35.38
Quiz 7 Objective 3
Control 35 32.19 496.5 0.133
Treatment 34 37.90
Exam 4■ Objective 2
Control 38 37.00 665.0 1.000
Treatment 35 37.00
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There are no significant differences between the distributions of control and 
treatment research group response levels for five of the six chemistry concept questions 
at the 0.05 level of significance. A significant difference in favor of the control group was 
found for the limiting reactant question (Quiz 3 Objective 6).
A summary o f the results of the coded chemistry-concept questions for each 
research group as a function of HOTS level appears in Table 31. The pretest HOTS level 
was used for the questions from Quiz 1,3, and 5. The posttest HOTS level was used for 
the questions from Quiz 7 and Exam 4.
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Table XXXI Summary Chemistry Concept Questions by Research Group and HOTS Level
HOTS Level
0 1 2
Response Level
Research Group 0 1 2 0 1 2 0 1 2
Quiz 1 Objective 2®
Control 5 1 11 5 12 5
Treatment 6 1 12 6 
Quiz 3 Objective 6®
10 11
Control'’ 4 1 6 9 3 16
Treatment 3 1 8 8 
Quiz 5 Objective 1®
11 7
Control'’ 2 1 3 4 3 7 0 3 17
Treatment 0 3 1 3 5 7 
Quiz 7 Objective 1*’
1 3 15
Control 2 2 2 5 4 19
Treatment'’ 1 1 2 9 
Quiz 7 Objective 3*’
5 15
Control'’ 3 1 1 6 8 15
Treatment'’ 0 2 2 9 
Exam 4 Objective 2'’
5 15
Control'’ 4 0 0 6 0 2 12 3 8
Treatment^ 1 1 0 9 2 1 11 3 6
pretest HOTS levels 
'’posttest HOTS levels 
‘’One student did not take the HOTS Test 
‘'Three students did not take the HOTS Test
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Subjects classified at higher HOTS levels achieved higher response levels, on 
average, than subjects at lower HOTS levels.
Formal Reasoning Measures
Selected questions from midterm exams and laboratory quizzes were coded for 
ability to use formal reasoning in a chemistry context. In addition, specific and 
nonspecific transfer of ability to use formal reasoning in a general context was evaluated 
using the HOTS Test.
Specific-Transfer Skills: Chemistrv Context
The results of the formal reasoning measures within the context of chemistry are 
categorized by the four thinking skills targeted in the laboratory activities: classification, 
identification of variables, control of variables, and proportional reasoning.
Classification
A summary of the midterm exam and laboratory quiz questions that were coded 
for ability to use classification in a chemistry context appears in Table 32. These coding 
schemes were derived by collapsing the original four- to five-level schemes that were 
used to code the questions. A copy of each question is available in APPENDIX D, and a 
copy of the original and collapsed coding schemes is available in APPENDIX G. A 
random sample of 44 questions distributed across the different classification questions 
were coded by two advanced-level chemical-education graduate students using the
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original coding schemes. Coding on 39 questions matched between the two raters; an 
agreement rate of 89%. Differences in codes were resolved. Testing was completed 
between one and three weeks after treatment on classification, so each question is a 
delayed posttest.
Table XXXII Classification Questions Coding Schemes
Question Type ResponseLevel Attribute
Exam 1 
Objective 3
Delayed
posttest
1
0
Hierarchical classification scheme -  
correct comparison
Hierarchical classification scheme -  
incorrect comparison
No hierarchical classification scheme
Quiz 2 
Objective 2
Quiz 2 
Objective 3
Delayed
posttest
Delayed
posttest
1
0
Hierarchical classification scheme -  
correct comparison
Hierarchical classification scheme -  
incorrect comparison
No hierarchical classification scheme
Identifies characteristic common to 
all objects
Identifies characteristic common to 
all objects and characteristic common 
to some objects
Identifies characteristic common to 
some objects
A summary of the results of the coded classification questions for each research 
group appears in Table 33.
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Table XXXIII Summary Classification Questions by Research Group
Response Level
Research Group n 0 1 2
Exam 1 Objective 3“
Control 42 18 16 8
Treatment 44 18 16 10
Quiz 2 Objective 2®
Control 42 2 18 22
Treatment 41 5 12 24
Quiz 2 Objective 3®
Control 42 6 13 23
Treatment 41 8 7 26
^Three-level coding scheme
The non-parametric U-test was used to compare the ordinal response levels 
between the two research groups for each classification question. The results of the 
comparison appear in Table 34.
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Table XXXIV Mann-Whitney Independent Samples Test for Classification Questions
Research Group n Mean Rank U p-value
Exam 1 Objective 3
Control 42 42.69 890.0 0.752
Treatment 44 44.27
Quiz 2 Objective 2
Control 42 41.52 841.0 0.837
Treatment 41 42.49
Quiz 2 Objective 3
Control 42 40.96 817.5 0.653
Treatment 41 43.06
There are no significant differences between the distributions of control and 
treatment research group response levels for the three classification questions at the 0.05 
level of significance.
A summary of the results of the coded classification questions for each research 
group as a function of HOTS level appears in Table 35. The pretest HOTS level was used 
for the questions from Exam 1 and Quiz 2.
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Table XXXV Summary Classification Results by Research Group and HOTS Level
HOTSLevef
0 1 2
Response Level
Research Group 0 1 2 0 1 2 0 1 2
Exam 1 Objective 3
Control 3 2 1 10 5 2 5 9 5
Treatment 4 1 1 10 7 1 4 8 8
Quiz 2 Objective 2
Control*’ 0 3 3 2 5 8 0 9 11
Treatment 1 2 2 4 5 8 0 5 14
Quiz 2 Objective 3
Control*’ 1 2 3 3 5 7 2 5 13
Treatment 0 1 4 5 4 8 3 2 14
“pretest HOTS Levels
'’One student did not take the HOTS Test
Identification o f Variables
A summary of the midterm exam and laboratory quiz questions that were coded 
for ability to identify variables in a chemistry context appears in Table 36. These coding 
schemes were derived by collapsing the original five- to six-level schemes that were used 
to code the questions. A copy of each question is available in APPENDIX D, and a copy 
of the original and collapsed coding schemes is available in APPENDIX G. A random 
sample of 33 questions distributed across the different identification-of-variables 
questions were coded by two advanced-level chemical-education graduate students using 
the original coding schemes. Coding on 28 questions matched between the two raters; an
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agreement rate of 84%. Differences in codes were resolved. One question is an 
immediate posttest and one is a delayed posttest because testing was done two days and 
seven days after treatment on identification of variables, respectively.
Table XXXVI Identification of Variables Questions Coding Schemes
Question Type ResponseLevel Attribute
Quiz 3 Immediate 2 Propose correct two-variable
Objective 5 posttest
1
0
relationships
Propose correct and incorrect two- 
variable relationships
Propose incorrect two-variable 
relationships
Exam 2 Delayed 2 Identify correct independent variable
Objective 1 posttest
1
0
Identify correct independent variable 
and other potential independent 
variable
Does not identify an independent 
variable
A summary of the results of the coded identification-of-variables questions for 
each research group appears in Table 37.
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Table XXXVII Summary Identification of Variables Questions by Research Group
Response Level
Research Group n 0 1 2
Quiz 3 Objective 5
Control 40 13 19 8
Treatment 38 4 20 14
Exam 2 Objective 1
Control 43 18 6 19
Treatment 40 14 6 20
The non-parametric U-test was used to compare the ordinal response levels 
between the two research groups for each identification-of-variables question. The results 
of this comparison appear in Table 38.
Table XXXVIII Mann-Whitney Independent Samples Test for Identification of Variables Questions
Research Group n Mean Rank U />-value
Quiz 3 Objective 5
Control 40 34.00 540.0 0.017
Treatment 38 45.29
Exam 2 Objective 1
Control 43 40.56 798.0 0.537
Treatment 40 43.55
There are no significant differences between the distributions of control and 
treatment research group response levels for one of the two identification-of-variables
115
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
questions at the 0.05 level of significance. A significant difference in favor of the 
treatment group was found for the immediate posttest independent-variable question 
(Quiz 3 Objective 5).
A summary of the results of the coded identification-of-variables questions for 
each research group as a function of HOTS level appears in Table 39. The pretest HOTS 
level was used for the questions fi-om Quiz 3 and Exam 2.
Table XXXIX Summary Identification of Variables Results by Research Group and HOTS Level
HOTS Levef
0 1 2
Response Level
Research Group 0 1 2 0 1 2 0 1 2
Quiz 3 Objective 5
Control*’ 3 2 0 4 8 3 5 9 5
Treatment 1 2 1 2 12 2 
Exam 2 Objective 1
1 6 11
Control*’ 4 0 2 8 4 3 5 2 13
Treatment 2 1 1 8 3 5 4 2 14
pretest HOTS Levels 
*’One student did not take the HOTS Test
Control o f Variables
A  summary of the midterm exam and laboratory quiz questions that were coded 
for ability to control variables in a chemistry context appears in Table 40. These coding
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schemes were derived by collapsing the original five- to six-level schemes that were used 
to code the questions. A copy of each question is available in APPENDIX D, and a copy 
of the original and collapsed coding schemes is available in APPENDIX G. A random 
sample of 53 questions distributed across the different control-of-variables questions 
were coded by two advanced-level chemical-education graduate students using the 
original coding schemes. Coding on 49 questions matched between the two raters; an 
agreement rate of 92%. Differences in codes were resolved. Two questions are an 
immediate posttest and one is a delayed posttest because testing was done during 
treatment and seven days after treatment on control of variables, respectively.
Table XL Control of Variables Questions Coding Schemes
Question Type ResponseLevel Attribute
Exam 2 
Objective 3
Immediate
posttest 1
0
Designs a controlled experiment
Does not design a controlled 
experiment
Quiz 4 
Objective 3
Immediate
posttest 1
0
Identifies confounding variable in 
experiment
Does not identify confounding 
variable in experiment
Exam 3 
Objective 2
Delayed
posttest 2
1
0
Identifies correct variables and 
designs controlled experiment
Identifies correct variables but does 
not design a controlled experiment
Does not identify correct variables 
and has incomplete design
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A summary of the results of the coded control-of-variables questions for each 
research group appears in Table 41.
Table XLI Summary Control of Variables Questions by Research Group
Response Level
Research Group n 0 1 2
Exam 2 Objective 3®
Control 43 8 35
Treatment 40 14 26
Quiz 4 Objective 3®
Control 40 23 17
Treatment 38 12 26
Exam 3 Objective 2*’
Control 38 18 10 10
Treatment 37 13 14 10
®Two-level coding scheme 
'’Three-level coding scheme
The non-parametric U-test was used to compare the ordinal response levels 
between the two research groups for each control-of-variables question. The results of the 
comparison appear in Table 42.
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Table XLII Mann-Whitney Independent Samples Test for Control of Variables Questions
Research Group n Mean Rank U /j-value
Exam 2 Objective 3
Control 43 45.28 719.0 0.093
Treatment 40 38.47
Quiz 4 Objective 3
Control 40 34.58 563.0 0.022
Treatment 38 44.68
Exam 3 Objective 2
Control 38 36.26 637.0 0.455
Treatment 37 39.78
There are no significant differences between the distributions of control and 
treatment research group response levels for two of the three control-of-variables 
questions at the 0.05 level of significance. A significant difference in favor of the 
treatment group was found for the immediate posttest question (Quiz 4 Objective 3) on 
identifying confounding variables.
A summary of the results of the coded control of variables questions for each 
research group as a function of HOTS level appears in Table 43. The pretest HOTS level 
was used for the questions from Exam 2 and Quiz 4. The posttest HOTS level was used 
for the question from Exam 3.
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Table XLIII Summary Control of Variables Results by Research Group and HOTS Level
HOTS Level
0 1 2
Response Level
Research Group 0 1 2 0 1 2 0 1 2
Exam 2 Objective 3®
ControL 1 5 5 11 2 18
Treatment 3 1 7 9 
Quiz 4 Objective 3^
4 16
ControL 4 2 11 3 7 12
Treatment 1 2 7 9 
Exam 3 Objective 2’’
4 15
Control'* 3 0 0 4 3 1 9 5 9
Treatment® 2 0 0 4 4 3 4 10 7
pretest HOTS Levels 
’’posttest HOTS Levels
“One student did not take the pretest HOTS Test 
‘’Four student did not take the posttest HOTS Test 
“Three students did not take the posttest HOTS Test
Proportional Reasoning
A summary o f the midterm exam and laboratory quiz questions that were coded 
for ability to identify and manipulate proportional relationships in a chemistry context 
appears in Table 44. These coding schemes were derived by collapsing the original five- 
to six-level schemes that were used to code the questions. A copy of each question is 
available in APPENDIX D, and a copy of the original and collapsed coding schemes is 
available in APPENDIX G. A random sample of 133 questions distributed across the
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different proportional reasoning questions were coded by two advanced-level chemical- 
education graduate students using the original coding schemes. Coding on 117 questions 
matched between the two raters; an agreement rate of 88%. Differences in codes were 
resolved. All questions are an immediate posttest because testing was done either during 
treatment or within two days of treatment on proportional reasoning.
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Table XLIV Proportional Reasoning Questions Coding Schemes
Question Type ResponseLevel Attribute
Quiz 6 
Objective 2
Quiz 6 
Objective 3
Exam 4 
Objective 1
Immediate
posttest
Immediate
posttest
Immediate
posttest
2
1
0
2
1
0
3
2
1
0
Explicit identification of ratio -  
multiplicative strategy
Implicit identification of ratio -  
building-up strategy
Does not identify ratio -  incorrect 
strategy
Explicit comparison of ratios
Extrapolation of data -  comparison 
of values
No comparison of values
Explicit comparison of ratios
Use of ratios to compute and 
compare values
Extrapolation of data -  comparison 
of values
No comparison of values
Quiz 8 
Objective 1
Quiz 8 
Objective 2
Immediate
posttest
Immediate
posttest
Explicit identification of 
proportional relationship -  
determines correct value for slope
No identification of proportional 
relationship -  requires scale to 
determine value for slope
No identification of proportional 
relationship -  estimates slope
Explicit identification of 
proportional relationship
No identification of proportional 
relationship
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Quiz 8 Immediate 2 Correct use o f mole ratios
Objective 2 posttest
1 Incorrect use of mole ratios
0 No use of mole ratios
A summary of the results of the coded proportional-reasoning questions for each 
research group appears in Table 45.
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Table XLV Summary Proportional Reasoning Questions by Research Group
Response Level
Research Group n 0 1 2 3
Quiz 6 Objective 2*’
Control 38 3 5 30
Treatment 37 6 4 27 
Quiz 6 Objective 3*’
Control 38 15 4 19
Treatment 37 14 3 20 
Exam 4 Objective 1“
Control 38 3 14 12 9
Treatment 35 0 10 9 
Quiz 8 Objective I**
16
Control 35 11 18 6
Treatment 35 12 10 13 
Quiz 8 Objective 2“
Control 35 9 26
Treatment 35 5 30
Quiz 8 Objective 3*’
Control 35 6 6 23
Treatment 35 5 3 27
“Two-level coding scheme 
*’Three-level coding scheme 
“Four-level coding scheme
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The non-parametric U-test was used to compare the ordinal response levels 
between the two research groups for each proportional-reasoning question. The results of 
the comparison appear in Table 46.
Table XLVI Mann-Whitney Independent Samples Test for Proportional Reasoning Questions
Research Group n Mean Rank U p-value
Quiz 6 Objective 2
Control 38 39.34 652.0 0.469
Treatment 37 36.32
Quiz 6 Objective 3
Control 38 37.39 680.0 0.785
Treatment 37 38.62
Exam 4 Objective 1
Control 38 32.32 487.0 0.038
Treatment 35 42.09
Quiz 8 Objective 1
Control 35 33.51 543.0 0.384
Treatment 35 37.49
Quiz 8 Objective 2
Control 35 33.50 542.5 0.235
Treatment 35 37.50
Quiz 8 Objective 3
Control 35 33.67 548.5 0.343
Treatment 35 37.33
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There are no significant differences between the distributions of control and 
treatment research group response levels for five of the six proportional-reasoning 
questions at the 0.05 level of significance. A significant difference in favor of the 
treatment group was found for the immediate posttest comparison of ratios question 
(Exam 4 Objective 1).
A summary of the results of the coded proportional-reasoning questions for each 
research group as a function of HOTS level appears in Table 47. The posttest HOTS level 
was used for the questions from Quiz 6, Exam 4, and Quiz 8.
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Table XLVII Summary Proportional Reasoning Results by Research Group and HOTS Level
HOTS Level®
0 1 2
Response Level
Research Group 0 1 2 3 0 1 2  3 0 1 2 3
Quiz 6 Objective 2
Control® 1 2 1 0 1 7 2 2 19
Treatment*’ 1 0 1 2 2 8 
Quiz 6 Objective 3
2 2 17
Control® 2 1 1 3 0 5 9 3 11
Treatment*’ 2 0 1 3 2 7 
Exam 4 Objective 1
8 1 12
Control® 0 2 2 0 0 5 2 1 2 5 8 8
Treatment*’ 0 0 0 2 0 6 5 1 
Quiz 8 Objective 1
0 4 4 12
Control® 1 2 1 3 5 0 7 11 5
Treatment*’ 1 1 0 5 3 4 
Quiz 8 Objective 2
6 6 9
Control® 0 4 4 4 5 18
Treatment*’ 0 2 2 10
Quiz 8 Objective 3
3 18
Control® 1 1 2 4 1 3 1 4 18
Treatment*’ 1 0 1 2 1 9 2 2 17
“posttest HOTS Levels 
“One student did not take the HOTS Test 
‘*Four student did not take the HOTS Test 
“Three students did not take the HOTS Test
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The HOTS test assesses ability to use formal reasoning skills in a general context 
as compared to the chemistry context used for questions on the midterm exams and 
laboratory quizzes. The five thinking skills measured by the HOTS test are categorized 
by those skills targeted in the laboratory activities, termed specific-transfer skills, and 
those skills not targeted in the laboratory activities, termed nonspecific-transfer skills.
Specific-Transfer Skills: General Context
A summary of the skill level for each specific-transfer thinking skill appears in 
Table 48 for each research group. The pretest results are limited to only those subjects 
who completed the posttest HOTS test.
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Table XLVIII Specific-Transfer Skills by Research Group
Research Group
Control Treatment
(n=34) (n-35)
Skill Level Pretest Posttest Pretest Posttest
Control of Variables
0 4 2 4 2
1 4 1 4 2
2 5 8 7 4
3 21 23 20 27
Proportional Reasoning
0 2 2 2 1
1 3 3 5 1
2 8 7 8 9
3 21 22 20 24
The non-parametric U-test was used to compare the ordinal skill levels between 
the two research groups for each specific-transfer skill. The results o f this comparison 
appear in Table 49.
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Table XLIX Mann-Whitney Independent Samples Test for Speciflc-Transfer Skills
Research Group n Mean Rank U />-value
Control of Variables: Pretest
Control 34 35.57 575.5 0.791
Treatment 35 34.44
Control of Variables: Posttest
Control 34 33.60 547.5 0.467
Treatment 35 36.36
Proportional Reasoning: Pretest
Control 34 35.99 561.5 0.648
Treatment 35 34.04
Proportional Reasoning: Posttest
Control 34 33.88 557.0 0.583
Treatment 35 36.09
There are no significant differences between the pretest distributions of control 
and treatment research group skill levels for the specific-transfer skills at the 0.05 level of 
significance. This allows comparison of the posttest distributions o f the specific-transfer 
skills. No significant difference between the posttest distributions of control and 
treatment research group skill levels for specific-transfer skills were found at the 0.05 
level of significance.
The change in specific-transfer skill level was determined by examining cross­
tabulations of pretest to posttest skill levels as shown in Table 50. The diagonal 
represents subjects who did not change skill level over the course of the semester. The
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upper-diagonal represents subjects who increased in skill level over the course of the 
semester. The lower-diagonal represents subjects who decreased in skill level over the 
course of the semester. The change in control-of-variables skill level appears in Figure 6, 
and the change in proportional-reasoning skill level appears in Figure 7 for each research 
group. Omitted from these figures is the group of subjects who achieved the highest skill 
level at both pretest and posttest.
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Table L Pretest and Posttest Specific-Transfer Skills by Research Group
Fosttest Skill Level
Pretest Skill Level 0 1 2 3
Control of Variables
Control
0 2 0 1 1
1 0 0 1 3
2 0 1 2 2
3 0 0 4 17
Treatment
0 0 1 1 2
1 0 0 1 3
2 1 1 1 4
3 1 0 1 18
Proportional Reasoning
Control
0 1 0 0 1
1 0 0 1 2
2 1 0 1 6
3 0 3 5 13
Treatment
0 0 0 1 1
1 1 0 2 2
2 0 0 3 5
3 0 1 3 16
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E3
Control of Variables
Posttest -  Pretest
Control
Treatment
Change in Skill Level 
Figure VI Change in Control of Variables Skill Level by Research Group
7 >
E 4
Proportional Reasoning 
Posttest -  Pretest
Control
Treatment
Change in Skill Level 
Figure VII Change in Proportional Reasoning Skill Level by Research Group
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The non-parametric U-test was used to compare the ordinal change in skill levels 
between the two research groups for each specific-transfer skill. The results of this 
comparison appear in Table 51.
Table LI Mann-Whitney Independent Samples Test for Change in Speciflc-Transfer Skill Level
Research Group n Mean Rank U ^-value
Control of Variables
Control 17 16.35 125.0 0.492
Treatment 17 18.65
Proportional Reasoning
Control 21 18.71 162.0 0.295
Treatment 19 22.47
There are no significant differences between the distributions of control and 
treatment research group change in skill levels for the specific-transfer skills at the 0.05 
level of significance.
A summary of the specific-transfer skill levels for each research group as a 
function of pretest HOTS level appears in Table 52.
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Table LII Speciflc-Transfer Skills by Research Group and HOTS Level
HOTS Levef
0 1 2
Skill Level”
Research Group 0 1 2 3 0 1 2  3 0 1 2 3
Control of Variables
Control 1 0 1 3 1 1 3  9 0 0 4 11
Treatment 0 1 1 0 2 1 2 10 
Proportional Reasoning
0 0 1 17
Control 1 1 1 2 1 1 3  9 0 1 3 11
Treatment 0 0 1 1 1 0  7 7 0 1 1 16
“pretest HOTS Level 
’’posttest Skill Level
Nonspecific-Transfer Skills: General Context
A summary of the skill level for each nonspecific-transfer thinking skill appears 
in Table 53 for each research group. The pretest results are limited to only those subjects 
who completed the posttest HOTS test.
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Table LIII Nonspecific-Transfer Skills by Research Group
Research Group
Control
(n=34)
Treatment
(n=35)
Skill Level Pretest Posttest Pretest Posttest
Combinatorial Reasoning
0 0 2 0 2
1 4 2 3 6
2 19 16 14 12
3 11 14 18 15
Probabilistic Reasoning
0 1 0 0 0
1 5 2 1 1
2 9 9 11 11
3 19 23 23 23
Correlational Reasoning
0 12 3 7 8
1 6 11 7 9
2 7 8 10 9
3 9 12 11 9
The non-parametric U-test was used to compare the ordinal skill levels between 
the two research groups for each nonspecific-transfer skill. The results of this comparison 
appear in Table 54.
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Table LIV Mann-Whitney Independent Samples Test for Nonspecific-Transfer Skills
Research Group n Mean Rank U p-value
Combinatorial Reasoning: Pretest
Control 35 31.68 0.133
Treatment 35 38.33
Combinatorial Reasoning: Fosttest
Control 35 35.76 0.736
Treatment 35 34.26
Probabilistic Reasoning: Pretest
Control 35 32.43 0.225
Treatment 35 37.50
Probabilistic Reasoning: Posttest
Control 35 35.15 0.942
Treatment 35 34.86
Correlational Reasoning: Pretest
Control 35 32.31 0.256
Treatment 35 37.61
Correlational Reasoning: Posttest
Control 35 37.72 0.249
Treatment 35 32.36
There are no significant differences between the pretest distributions of control 
and treatment research group skill levels for the nonspecific-transfer skills at the 0.05 
level of significance. This allows comparison of the posttest distributions of the 
nonspecific-transfer skills. No significant differences between the posttest distributions of
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control and treatment research group skill levels for the nonspecific-transfer skills was 
found at the 0.05 level of significance.
The change in nonspecific-transfer skill level was determined by examining cross­
tabulations of pretest to posttest skill levels as shown in Table 55. The change in 
combinatorial-reasoning skill level appears in Figure 8, the change in probabilistic- 
reasoning skill level appears in Figure 9, and the change in correlational-reasoning skill 
level appears in Figure 10 for each research group. Omitted fi:om these figures is the 
group of subjects who achieved the highest skill level at both pretest and posttest.
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Table LV Pretest and Fosttest Nonspeciflc-Transfer Skills by Research Group
Fosttest Skill Level
Pretest Skill Level 0 1 2 3
Combinatorial Reasoning
Control
0 0 0 0 0
1 1 0 2 1
2 1 2 8 8
3 0 0 6 
Treatment
5
0 0 0 0 0
1 0 0 2 1
2 1 3 5 5
3 1 3 5 
Probabilistic Reasoning
9
Control
0 0 0 0 1
1 0 1 0 4
2 0 0 5 4
3 0 1 4 
Treatment
14
0 0 0 0 0
1 0 0 0 1
2 0 1 6 4
3 0 0 5 
Correlational Reasoning
18
Control
0 1 7 2 2
1 1 1 1 3
2 0 2 1 4
3 1 1 4 
Treatment
3
0 5 1 1 0
1 1 3 1 2
2 2 2 2 4
3 0 3 5 3
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Combinatorial Reasoning 
Posttest -  Pretest
Control
Treatment
Change in Skill Level 
Figure VIII Change in Combinatorial Reasoning Skill Level by Research Group
0
jD
E
Probabilistic Reasoning 
Posttest -  Pretest
Control
Treatment
Change in Skill Level 
Figure IX Change in Probabilistic Reasoning Skill Level by Research Group
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Correlational Reasoning
Posttest -  Pretest
Control
Treatment
- 2 - 1 0  1 2 
Change in Skill Level 
Figure X Change in Correlational Reasoning Skill Level by Research Group
The non-parametric U-test was used to compare the ordinal change in skill levels 
between the two research groups for each nonspecific-transfer skill. The results of this 
comparison appear in Table 56.
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Table LVI Mann-Whitney Independent Samples Test for Change in Nonspeciflc-Transfer Skill Level
Research Group n Mean Rank U p-value
Combinatorial Reasoning
Control 29 30.47 305.5 0.211
Treatment 26 25.25
Probabilistic Reasoning
Control 20 20.75 135.0 0.270
Treatment 17 19.94
Correlational Reasoning
Control 31 36.90 344.0 0.032
Treatment 32 21.25
There are no significant differences between the distributions of control and 
treatment research group change in skill levels for two of the three nonspecific-transfer 
skills at the 0.05 level of significance. A significant difference in favor of the control 
group was found for the change in correlational skill level.
A summary of the nonspecific-transfer skill levels for each research group as a 
function of pretest HOTS level appears in Table 57.
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Table LVII Nonspeciflc-Transfer Skills by Research Group and HOTS Level
HOTS Levef
Research Group 1 1 2
Skill Level'’
0 1 2 3 0 1 2  3 0 1 2 3
Combinatorial Reasoning
Control 1 0 2 2 0 2 6 6 1 0 8 6
Treatment 0 0 2 0 2 3 4 6 
Probabilistic Reasoning
0 3 6 9
Control 0 1 0 4 0 1 4  9 0 0 5 10
Treatment 0 0 1 1 0 1 7  7 
Correlational Reasoning
0 0 3 15
Control 1 3 0 1 1 4  4 5 1 4 4 6
Treatment 2 0 0 0 5 5 3 2 1 4 6 7
“Pretest HOTS Level 
‘’Fosttest Skill Level
Combined Formal Reasoning Skills
A summary o f the HOTS levels appears in Table 58 for each research group. The 
pretest results are limited to only those subjects that completed the posttest HOTS test.
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Table LVIII HOTS Level by Research Group
HOTS Level
Research Group
Control
(n=34)
Treatment
(n=35)
Pretest Fosttest Pretest Posttest
0 5 4 2 2
1 14 8 15 12
2 15 22 18 21
The non-parametric U-test was used to compare the ordinal HOTS levels between 
the two research groups. The results of this comparison appear in Table 59.
Table LIX Mann-Whitney Independent Samples Test for HOTS Level
Research Group n Mean Rank U /7-value
HOTS Level: Pretest
Control 34 33.03 528.0 0.373
Treatment 35 36.91
HOTS Level: Posttest
Control 34 35.35 583.0 0.866
Treatment 35 34.66
There is no significant difference between the pretest distribution of control and 
treatment research group HOTS levels at the 0.05 level of significance. This allows 
comparison of the posttest distributions of the HOTS levels. No significant difference 
between the posttest distributions of control and treatment research group HOTS levels 
was found at the 0.05 level of significance.
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The change in HOTS level was determined by examining cross-tabulations of 
pretest to posttest HOTS levels as shown in Table 60. The change in HOTS level appears 
in Figure 11 for each research group. Omitted from these figures is the group of subjects 
who achieved the highest HOTS level at both pretest and posttest.
Table LX Pretest and Fosttest HOTS Levels by Research Group
Fosttest HOTS Level
Pretest HOTS Level 0 1 2
Control
0 2 0 3
1 2 3 9
2 0 5
Treatment
10
0 0 2 0
1 2 7 6
2 0 3 15
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Figure XI Change In HOTS Level by Research Group
The non-parametric U-test was used to compare the ordinal change in HOTS 
levels between the two research groups. The results of this comparison appear in Table 
61.
Table LXI Mann-Whitney Independent Samples Test for HOTS Level Change
Research Group n Mean Rank U p-value
Control 24 23.50 216.0 0.551
Treatment 20 21.30
There is no significant difference between the distribution of control and 
treatment research group change in HOTS levels at the 0.05 level of significance.
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Figures 12 and 13 show the HOTS Score at pretest and posttest, respectively, for 
each research group. Table 62 provides details of the two distributions of HOTS scores. 
The pretest results are limited to only those subjects that completed the posttest HOTS 
test.
E3
z
Pretest HOTS Test
Control
Treatment
4 5 6 7 8 9 10 11 12 13 14 15
HOTS Score 
Figure XII Pretest HOTS Score by Research Group
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Posttest HOTS Test
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HOTS Score 
Figure XIII Posttest HOTS Score by Research Group
Control
Treatment
Table LXII Summary HOTS Scores by Research Group
Research Group n M SD Minimum Maximum
Pretest HOTS
Control 34 10.6 2.9 5 15
Treatment 35 11.3 2.8 4
Fosttest HOTS
15
Control 34 11.7 2.7 4 15
Treatment 35 11.5 2.7 4 15
The non-parametric U-test was used to compare the ordinal HOTS scores between 
the two research groups. The results of this comparison appear in Table 63.
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Table LXIII Mann-Whitney Independent Samples Test for HOTS Score
Research Group n Mean Rank U jD-value
HOTS: Pretest
Control 34 32.32 504.0 0.271
Treatment 35 37.50
HOTS: Posttest
Control 34 35.63 573.5 0.794
Treatment 35 34.39
There is no significant difference between the distribution of control and 
treatment research group HOTS scores at the 0.05 level of significance.
Attitude Measure
Evaluation of attitude towards instruction in the general chemistry laboratory was 
measured using the Student Assessment of Learning Gains (SALG). It is a web-based 
instrument that uses a five-point Likert scale to rate subject perceptions of their learning 
gains as a result of laboratory-based instruction (1 = low perception, 5 -  high perception). 
The SALG contained 45 items; 38 items on the instrument were identical for the two 
research groups. The remaining 7 items were specific to the learning objectives in the 
control and treatment groups. A copy of the SALG for each research group appears in 
APPENDIX E.
The SALG instruments for the research groups can be separated into four major 
categories. The first category (Question 1 on SALG) measures perceptions of the
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structure of laboratory instruction. It includes questions on materials, grading, support 
from teaching assistants, and interactions with peers during laboratory. The second 
category (Questions 2, 4, and 5 on SALG) measures perceptions of learning from 
laboratory instruction. It includes questions concerning understanding chemistry 
concepts, finding patterns in data, and problem-solving skills. The third category 
(Additional Questions on SALG) measures perceptions of the application of laboratory 
learning in other domains. It includes questions conceming the relationship between the 
structure of the laboratory and learning, and the extension of learning beyond the 
laboratory environment. The results of the attitude measure for these categories are 
compared for the two research groups. The fourth category (Question 3 on SALG) 
represents perceptions of learning concepts (control group) or skills (treatment group) 
specifically targeted in the two research groups. The questions in this category were 
different for the two research groups.
A summary of the results of perception of structure of laboratory instruction 
appears in Table 64. This category was separated into 7 sub-categories on the SALG 
instrument.
150
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table LXIV SALG Responses for Structure of Laboratory Instruction
Response Level
Research Group n 1 2 3 4 5
A. The way in which the material was approached
Control 34 0 3 7 19 5
Treatment 34 4 10 13 6 1
C. The pace at which we worked
Control 34 0 5 8 17 4
Treatment 34 7 3 17 5 2
D. The class activities^
Control 34 0 1 5 18 10
Treatment 34 0 4 16 11 3
E. Tests, graded activities, and assignments*’
Control 34 1 1 19 12 1
Treatment 34 3 16 1 2 0
G. The information we were given®
Control 34 0 2 9 16 7
Treatment 33 0 11 16 6 0
H. Individual support as a learner®
Control 34 0 2 9 15 8
Treatment 34 0 7 19 7 1
K. The way this class was taught overall
Control 33 0 3 7 18 5
Treatment 33 7 6 14 5 1
Average response over 3 items 
‘’Average response over 7 items
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The non-parametric U-test was used to compare the ordinal SALG responses 
between the two research groups. The results of this comparison appear in Table 65.
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Table LXV Mann-Whitney Independent Samples Test for Structure of Laboratory Instruction
Research Group n Mean Rank U /7-value
A. The way in which the material was approached
Control
Treatment
34 44.21 248.0 
34 24.79 
C. The pace at which we worked
0.000
Control
Treatment
34 41.74 332.0 
34 27.26 
D. The class activities
0.002
Control
Treatment
34 42.38 310.0 0.000 
34 26.62 
E. Tests, graded activities, and assignments
Control
Treatment
34 44.76 229.9 
34 24.24 
G. The information we were given
0.000
Control
Treatment
34 43.76 229.0 
33 23.94 
H. Individual support as a learner
0.000
Control
Treatment
34 42.97 290.0 0.000 
34 26.03 
K. The way this class was taught overall
Control
Treatment
33 43.17 225.5 
33 23.83
0.000
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A  significant difference in favor of the control group was found for all sub­
categories in perceptions of structure of laboratory instruction at the 0.05 level of 
significance.
A summary of the results of perception of teaming from laboratory instmction 
appears in Table 66.
Table LXVI SALG Responses for Learning from Laboratory Instruction
Response Level
Research Group 1
Question 2. As a result of your work in this class, bow 
well do you think that you now understand each of the 
following?®
Control
Treatment
34
34
0
3
0
4
9
13
21
12
4
2
Question 4. To what extent did you make gains in any 
of the following as a result of what you did in this 
class?'’
Control
Treatment
33
34
0
6
1
6
13
14
15
7
4
1
Question 5. How much of the following do you think 
you will remember and carry with you into other classes 
or aspects of your life?‘’
Control
Treatment
33
33
0
3
7
11
17
14
Average over 2 items 
'’Average over 6 items 
‘’Average over 4 items
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The non-parametric U-test was used to compare the ordinal SALG responses 
between the two research groups. The results of this comparison appear in Table 67.
Table LXVII Mann-Whitney Independent Samples Test for Learning from Laboratory Instruction
Research Group n Mean Rank U /7-value
Question 2. As a result of your work in this 
class, how well do you think that you now 
understand each of the following?
Control
Treatment
34
34
41.01
27.00
356.5 0.003
Question 4. To what extent did you make 
gains in any of the following as a result of 
what you did in this class?
Control
Treatment
33
34
42.23
26.01
289.5 0.000
Question 5. How much of the following do 
you think you will remember and carry with 
you into other classes or aspects of your life?
Control
Treatment
33
33
39.70
27.30
340.0 0.005
A significant difference in favor of the control group was found for perception of 
learning from laboratory instruction at the 0.05 level of significance.
A summary of the results of perception of application of laboratory teaming 
appears in Table 68.
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Table LXVIII SALG Responses for Application of Laboratory Learning
Research Group
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Response Level
n 1
1. The structure of the labs encouraged me to develop a 
deep understanding of chemistry.
34
34
0
4
2
7
9
13
18
10
5
0
2. The questions in the lab report helped me to 
recognize the skills needed to understand chemistry.
34
34
0
4
2
4
6
8
23
17
2
1
4. Hands-on experimental work helped me to 
understand chemistry concepts.
34
34
0
5
1
7
4
6
14
10
15
6
5. As a result of these lab activities, I am NOT more 
confident that I can solve problems in different 
disciplines.
34
34
4
2
19
18
7
8
3
2
1
4
6. The skills developed in lab will help me to be a more 
effective learner.
34
33
0
4
1
5
11
9
17
16
5
0
The non-parametric U-test was used to compare the ordinal SALG responses 
between the two research groups. The results of this comparison appear in Table 69.
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Table LXIX Mann-Whitney Independent Samples Test for Application of Laboratory Learning
Research Group
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
Control
Treatment
n Mean Rank U /7-value
1. The structure of the labs encouraged me to 
develop a deep understanding of chemistry.
34
34
42.93
26.07
291.5 0.000
2. The questions in the lab report helped me to 
recognize the skills needed to understand 
chemistry.
34
34
39.50
29.50
408.0 0.019
4. Hands-on experimental work helped me to 
understand chemistry concepts.
34
34
42.66
26.34
300.50 0.000
5. As a result of these lab activities, I am NOT 
more confident that I can solve problems in 
different disciplines.
34
34
32.21
36.79
500.00 0.293
6. The skills developed in lab will help me to 
be a more effective learner.
34
33
40.06
28.94
389.00 0.012
A significant difference in favor of the control group was found for five of the six 
items on perception of learning from laboratory instruction at the 0.05 level of 
significance.
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A summary of the results of perception learning concepts (control group) or 
leaming skills (treatment group) appears in Tables 70 and 71.
Table LXX SALG Responses for Learning Concepts by Control Group
Response Level
Research Group n 1 2 3 4 5
1. Ability to describe chemical interactions at the 
particulate level
Control 34 0 1 11 18 4
2. Ability to relate macroscopic behavior to particulate 
level interactions
Control 34 0 1 6 23 4
3. Ability to relate chemical equations to macroscopic 
behavior
Control 34 0 0 12 
4. Finding patterns in data
19 3
Control 33 0 1 9 
5. Designing lab experiments
17 6
Control 34 0 4 13 13 4
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Table LXXI SALG Responses for Learning Skills by Treatment Group
Response Level
Research Group n
1. Ability to classify objects into different categories
Treatment 34 2 9 16 5 2 
2. Ability to identify types of variables
Treatment 34 2 3 13 10 6 
3. Ability to control variables in an experiment
Treatment 34 2 6 10 13 3
4. Ability to identify proportional relationships between 
variables
Treatment 34 2 5 17 7 3
5. Ability to algebraically manipulate proportional 
relationships between variables
Treatment 33 6 3 14 10 0
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Interviews
Abstraction of Formal Reasoning from Context
Twelve subjects, six from each research group, were interviewed to analyze their 
ability to abstract use of formal reasoning skills from context. The subjects were selected 
from a sample of 30 subjects who agreed to participate in the interview. The selection 
process balanced the pretest HOTS level and sex of the interview subjects from each 
research group. Within each set of 6 subjects from a research group, 3 were at HOTS 
level 2 and the remaining 3 were at HOTS level 1. Half of the subjects were male.
The interviews were conducted during the fourteenth week of the semester. Each 
subject completed a set of eight problems. Each problem had either a chemistry context 
or a general (non-chemistry) context, and all problems required the application of 
proportional reasoning. Upon completion of the problems, subjects were asked questions 
about the structure o f and the strategies used to solve the problems. A copy of the 
interview forms and problems is located in APPENDIX F. A copy of the transcribed 
interviews is located in APPENDIX H.
The objective of this interview was to determine whether the structure of or the 
strategy used to solve a problem was the focus of subject reasoning about the problems. 
Responses to interview questions about the problem structure were coded based upon the 
characteristic used to sort the problems into different categories. Responses to interview 
questions about the strategy used to solve the problems were coded based whether subject 
strategy discussion was bound to or abstract from the specific details of individual 
problems. The proportional-reasoning mental representation or schema was coded based 
on the level of terminology expressed (low-order or high-order terms) by the subject.
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Responses to interview questions about whether a common strategy existed across all 
problems were coded for identification of a proportional-reasoning strategy. A summary 
of the schemes used to code the responses appears in Tables 72 to 75.
Table LXXII Problem Structure Coding Scheme
Problem Structure Attribute
Context Creates categories based on context of problems.
Process Creates categories based on how problems were solved.
Context and Process Creates categories based on context of problems and how problems were solved.
Table LXXIII Strategy Discussion Coding Scheme
Strategy Discussion Attribute
Abstract Discusses strategy with little reference to individual problems
Bound Discusses strategy in context of individual problems
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Table LXXIV Proportional Reasoning Scheme Coding Scheme
Proportional Reasoning Schema Attribute
Algorithmic
Conceptual
Transitional
Discusses strategy using low-order terminology 
(e.g., cross-multiply, dividing)
Discusses strategy use with high-order 
terminology
(e.g, set up a ratio or proportion)
Discusses strategy with low-order and high-order 
terminology
Table LXXV Common Strategy Coding Scheme
Common Strategy Attribute
Conceptual
Proportional
Algorithmic
Proportional
Other
None
Identifies a proportional strategy that can be applied across all 
problems. Describes strategy with high-order terminology
Identifies a proportional strategy that can be applied across all 
problems. Describes strategy with low-order terminology
Identifies a strategy, other than proportional, that can be 
applied across all problems
Does not identify a strategy
A summary of the results of the problem-structure, strategy-discussion, 
proportional-reasoning schema, and common-strategy responses appears in Tables 76 to 
79.
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Table LXXVI Problem Structure by Research Group
Problem Structure
Research Group Context Context and Process Process
Control 4 1 1
Treatment 2 1 3
Table LXXVII Strategy Discussion by Research Group
Strategy Discussion
Research Group Bound Abstract
Control® 4 1
Treatment® 1 4
“One subject was omitted because of guidance given during interview
Table LXXVIII Proportional Reasoning Schema by Research Group
Proportional Reasoning Schema
Research Group Algorithmic Transitional Conceptual
Control 3 2 1
Treatment 2 1 3
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Table LXXIX Common Strategy by Research Group
Common Strategy
Research Group None Other AlgorithmicProportional
Conceptual
Proportional
Control 1 2 1 2
Treatment 0 1 2 3
A cross-tabulation between problem structure and strategy discussion appears in 
Table 80. The twelve interview subjects are labeled by the letters A through L.
Table LXXX Problem Structure and Strategy Discussion by Interview Subject
Problem Structure
Strategy Discussion Context^ Context and Process Process
Abstract
Bound
E,F
A ,K
H
G
I , J
B,C
Two subjects were omitted because of guidance given during interview 
NOTE: Subjects in the treatment group are denoted with bold font
By inspection, there is no relationship between subject choice of a characteristic 
to sort the problems into categories (structure) and subject focus on problem details 
during discussion of strategy.
A cross-tabulation between problem structure and proportional-reasoning schema 
appears in Table 81.
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Table LXXXI Problem Structure and Proportional Reasoning Schema by Interview Subject
Proportional Reasoning Schema
Problem Structure
Context Context and Process Process
Conceptual E ,F I , J
Transitional D G ,H
Algorithmic A, K ,L B ,C
NOTE: Subjects in the treatment group are denoted with bold font
By inspection, there is no relationship between subject choice of a characteristic 
to sort the problems into categories (structure) and the type of proportional-reasoning 
schema held by the subject.
A cross-tabulation between strategy discussion and proportional-reasoning 
schema appears in Table 82.
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Table LXXXII Strategy Discussion and Proportional Reasoning Schema by Interview Subject
Proportional Reasoning Schema
Strategy Discussion
Bound Abstract
Conceptual E ,F , I , J
Transitional G H
Algorithmic® A, B, C, K
One subject was omitted because of guidance given during interview 
NOTE; Subjects in the treatment group are denoted with bold font
By inspection, there is a relationship between subject focus on problem details 
during discussion of strategy and the type of proportional-reasoning schema held by the 
subject.
A cross-tabulation between proportional-reasoning schema and identification of a 
common strategy appears in Table 83.
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Table LXXXIII Proportional Reasoning Schema and General Strategy by Interview Subject
Proportional Reasoning Schema
Common Strategy Algorithmic Transitional Conceptual
Conceptual
Proportional G E, F, I , J
Algorithmic
Proportional C ,L D
Other A,B H
None K
NOTE; Subjects in the treatment group are denoted with bold font
By inspection, there is a relationship between subject type of proportional- 
reasoning schema and identification of a common proportional-reasoning strategy that 
can be applied across all problems.
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CHAPTER V 
DISCUSSION AND CONCLUSIONS
The topics covered here analyze the results of the measures and discuss the 
findings in terms of the four research questions. General conclusions about the results of 
the study on the effectiveness o f a FR versus a CC laboratory curriculum are described, 
and suggestions for future research are offered.
Discussion of Research Questions
The following discussion is organized around the four research questions that 
guided the evaluation of the FR laboratory curriculum in comparison to the CC 
laboratory curriculum. The results of the comparisons between the two research groups 
are summarized for each measure and discussed in terms of the research hypotheses.
Research Question One
1. Will students using a formal-reasoning-centered laboratory curriculum achieve 
significantly greater scores on measures of formal reasoning than students using a 
chemistry-concept-centered laboratory curriculum?
a. Will the scores on the set of formal reasoning schemata specifically 
targeted in the laboratory curriculum be greater?
b. Will the scores on a set of formal reasoning schemata not specifically 
targeted in the laboratory curriculum be greater?
The effectiveness of the laboratory curricula is described in terms of measures 
that assessed formal reasoning skills directly targeted during instruction (specific-transfer
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skills) and not targeted during instruction (nonspecific-transfer skills). The effectiveness 
of the two laboratory curricula in terms of formal reasoning ability is also described for 
measures which used a chemistry context and a general context. The midterm exams and 
laboratory quizzes are measures of formal reasoning in a chemistry context, and the 
HOTS test is a measure of formal reasoning in a general context.
Snecific-Transfer Skills: Chemistry Context
Classification
As seen in Tables 33 and 34, there were no significant differences between the 
two research groups on delayed posttest measures using a chemistry context for the 
Specific-Transfer skill classification. Table 35 shows that subjects at a higher HOTS 
level achieved higher response levels (see Table 32) than those at a lower HOTS level. 
Approximately 75% of the subjects in the control and treatment groups at HOTS level 2 
did not use a hierarchical classification scheme (response level 0) to solve a class 
inclusion problem (Exam 1 Objective 3). At HOTS levels 0 and 1, 50% to 66% of control 
and treatment subjects did not use a hierarchical classification scheme.
Identification o f Variables
As seen in Tables 37 and 38, there was a significant difference in favor of the 
treatment group on an immediate posttest measure using a chemistry context for the 
specific-transfer skill identification of variables. No significant difference was found 
between the two research groups on a delayed posttest measure using a chemistry 
context.
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The significant difference for the immediate posttest measure appears to arise 
from higher response levels (see Table 36) occurring at each HOTS level, as seen in 
Table 39. 40%, 73%, and 74% of the subjects in the control groups at HOTS levels 0,1, 
and 2, respectively, were able to propose some correct two-variable relationships 
(response level 1 or 2). In comparison, 75%, 88%, and 94% of subjects in the treatment 
group at HOTS levels 0, 1, or 2, respectively, were able to propose some correct two- 
variable relationships. At the highest response level, a dramatic difference is seen for 
subjects at the highest HOTS level where 26% of the control subjects and 65% of 
treatment subjects proposed only correct two-variable relationships. Note that the small 
number of subjects limits interpretation of the results at HOTS level 0.
Table 39 shows that subjects at a higher HOTS level achieved higher response 
levels on the delayed posttest measure than those at a lower HOTS level. Approximately 
25% of the subjects in the control and treatment groups at HOTS level 2 were not able to 
identify the independent variable (response level 0). At HOTS levels 0 and 1, 50% to 
66% of control and treatment subjects were not able to identify the independent variable.
Control o f Variables
As seen in Tables 41 and 42, there was a significant difference in favor of the 
treatment group on one of the immediate posttest measures using a chemistry context for 
the specific-transfer skill control of variables. No significant difference was found on the 
other immediate posttest measure and the delayed posttest measure using a chemistry 
context.
The significant difference for the immediate posttest measure appears to arise 
from higher response levels (see Table 40) occurring at each HOTS level, as seen in
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Table 43, with the greatest effect seen at HOTS level 1. 33%, 21%, and 63% of the 
subjects in the control groups at HOTS levels 0, 1, and 2, respectively, were able to 
identify the confounding variable (response level 1). In comparison, 66%, 56%, and 79% 
of subjects in the treatment group at HOTS levels 0,1, or 2, respectively, were able to 
identify the confounding variable.
Table 43 shows that subjects at a higher HOTS level achieved higher response 
levels on the delayed posttest measure than those at a lower HOTS level. 0%, 13%, and 
39% of the subjects in the control groups at HOTS levels 0 ,1, and 2, respectively, were 
able to design a controlled experiment (response level 2). In comparison, 0%, 27%, and 
33% of subjects in the treatment group at HOTS levels 0 ,1, or 2, respectively, were able 
to design a controlled experiment.
Proportional Reasoning
As seen in Tables 45 and 46, there was a significant difference in favor of the 
treatment group on one of the immediate posttest measures using a chemistry context for 
the specific-transfer skill proportional reasoning. No significant differences were found 
on the other immediate posttest measures.
The significant difference for the immediate posttest measure (Exam 4 Objective 
1) appears to arise from higher response levels (see Table 44) occurring at the lowest and 
highest HOTS levels, as seen in Table 47. 0%, 13%, and 35% of the subjects in the 
control groups at HOTS levels 0,1, and 2, respectively, were able to identify and 
explicitly compare ratios (response level 3). In comparison, 100%, 8%, and 60% of 
subjects in the treatment group at HOTS levels 0,1, or 2, respectively, were able to 
identify and explicitly compare ratios. The small number of subjects does limit
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interpretation of the results at HOTS level 0. However, subjects at a higher HOTS level 
achieved, on average, higher response levels on each of the immediate posttest measures 
than those at a lower HOTS level.
Specific-Transfer Skills: General Context
Control o f Variables
As seen in Tables 48 and 49, there was no significant difference between the two 
research groups on the delayed posttest measure using a general context (HOTS test) for 
the specific-transfer skill control of variables. The results from the HOTS test can also be 
analyzed in terms of the change in skill level over the course of instruction. The change 
in skill level was computed as the difference between the posttest and pretest skill levels, 
and has a potential range of -3 to 3 (see Table 50). The distribution of change in skill 
levels is shown in Figure 5 for each research group. The distribution for the treatment 
subjects has a negative skew (i.e., more values lie above than below the mean value) and 
a median value of 1. The distribution for the control subjects has a positive skew (i.e., 
more values lie below than above the mean value) and a median value of 0. As shown in 
Table 51, there was no significant difference in the two change in skill level distributions 
at the 0.05 level. Table 52 shows that subjects at a higher pretest HOTS level achieved 
higher posttest skill levels than those at a lower pretest HOTS level.
Proportional Reasoning
As seen in Tables 48 and 49, there was no significant difference between the two 
research groups on the delayed posttest measure using a general context (HOTS test) for 
the specific-transfer skill proportional reasoning. The results from the HOTS test were
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also analyzed in terms of the change in skill level over the course of instruction (see 
Table 50). The distribution of change in skill levels is shown in Figure 6 for each 
research group. The distribution for the treatment subjects has a negative skew and a 
median value of 1. The distribution for the control subjects has a positive skew and a 
median value of 0. As shown in Table 51, there is no significant difference in the two 
change in skill level distributions at the 0.05 level. Table 52 shows that subjects at a 
higher pretest HOTS level achieved higher posttest skill levels than those at a lower 
pretest HOTS level.
Nonspecific-transfer Skills: General Context
Combinatorial Reasoning
As seen in Tables 53 and 54, there was no significant difference between the two 
research groups on the delayed posttest measure using a general context (HOTS test) for 
the nonspecific-transfer skill combinatorial reasoning. The results from the HOTS test 
were also analyzed in terms of the change in skill level over the course of instruction (see 
Table 55). The distribution of change in skill levels is shown in Figure 7 for each 
research group. The distribution for the treatment subjects has a negative skew and a 
median value of -0.5 (average of 0 and -1 change in skill level). The distribution for the 
control subjects has a negative skew and a median value of 0. As shown in Table 56, 
there is no significant difference in the two change in skill level distributions at the 0.05 
level. Table 57 shows that subjects at a higher pretest HOTS level achieved higher 
posttest skill levels than those at a lower pretest HOTS level.
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Probabilistic Reasoning
As seen in Tables 53 and 54, there was no significant difference between the two 
research groups on the delayed posttest measure using a general context (HOTS test) for 
the nonspecific-transfer skill probabilistic reasoning. The results from the HOTS test 
were also analyzed in terms of the change in skill level over the course of instruction (see 
Table 55). The distribution of change in skill levels is shown in Figure 8 for each 
research group. The distribution for the treatment subjects has a positive skew and a 
median value of 0. The distribution for the control subjects has a positive skew and a 
median value of 0. As shown in Table 56, there is no significant difference in the two 
change in skill level distributions at the 0.05 level. Table 57 shows that subjects at a 
higher pretest HOTS level achieved higher posttest skill levels than those at a lower 
pretest HOTS level.
Correlational Reasoning
As seen in Tables 53 and 54, there was no significant difference between the two 
research groups on the delayed posttest measure using a general context (HOTS test) for 
the nonspecific-transfer skill correlational reasoning. The results from the HOTS test 
were also analyzed in terms of the change in skill level over the course of instruction (see 
Table 55). The distribution of change in skill levels is shown in Figure 9 for each 
research group. The distribution for the treatment subjects has a positive skew and a 
median value of 0. The distribution for the control subjects has a negative skew and a 
median value of 1. As shown in Table 56, there is significant difference in the two 
change in skill level distributions at the 0.05 level. Table 57 shows that subjects at a
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higher pretest HOTS level achieved higher posttest skill levels than those at a lower 
pretest HOTS level.
Combined Formal Reasoning Skills
The combination of skill levels for the five formal reasoning skills was used to 
assign pretest and posttest HOTS levels. As seen in Tables 58 and 59, there was no 
significant difference between the two research groups on posttest HOTS levels. The 
results from the HOTS test were also analyzed in terms of the change in HOTS level over 
the course of instruction. The change in HOTS level was computed as the difference 
between the posttest and pretest HOTS levels, and has a potential range of -2 to 2 (see 
Table 60). The distribution of change in HOTS levels is shown in Figure 10 for each 
research group. There was no significant difference in the two change in HOTS level 
distributions at the 0.05 level as shown in Table 61.
Figures 11 and 12 show the pretest and posttest HOTS score (sum of skill levels) 
for the control and treatment group subjects that completed both measures. There was no 
significant difference between the two research groups on the posttest HOTS score as 
shown in Table 63.
Discussion
The following hypotheses were offered for the first research question:
An instruction program that provides opportunities to explicitly construct 
an understanding o f  formal reasoning in different contexts over twelve
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170-minute laboratory sessions will allow an individual to internalize and 
generalize patterns o f  formal reasoning.
The formal-operational stage is represented as a totality o f  the mental 
structures encompassing formal reasoning. High correlations exist 
between the different operational schemes (e.g., proportional reasoning, 
combinatorial reasoning, correlational reasoning). Instruction on a subset 
o f formal reasoning schemes will positively affect ability to use formal 
reasoning schemes not specifically targeted during instruction.
The evidence presented provides some support for the hypothesis that students 
using a formal-reasoning-centered laboratory curriculum internalized the pattems of the 
formal reasoning specifically targeted during instruction. Analysis of the coded questions 
from the laboratory and midterm exams found that the treatment subjects achieved 
significantly higher scores only on three of the eight immediate posttest measures of 
formal reasoning using a chemistry context. The non-significant differences found for the 
immediate posttest measures may be a result an insufficient amount of instruction or time 
needed to internalize the targeted reasoning skill. Some of the immediate posttest 
measures were delivered two days after submission of the first laboratory report from the 
series of activities targeting a particular skill.
While the significant result for specific transfer demonstrates the effectiveness of 
the FR laboratory curriculum, the effects of treatment were not retained. No significant
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differences were found on delayed posttest measures of formal reasoning using a 
chemistry context.
Control of variables and proportional reasoning are two skills which are 
synonymous with the general chemistry laboratory. Significant differences were found on 
one of the two immediate posttest measures for control of variables, and on one of the 
five immediate posttest measures for proportional reasoning. The primary objectives of 
the treatment on control of variables were to develop the ability to design an experiment 
in order to investigate the relationship between two variables, and to identify and control 
potential confounding variables. The results suggest that FR instruction was effective for 
developing the ability to identify confounding variables in a given experimental design; it 
was not effective for developing the ability to design a controlled experiment. Treatment 
subjects developed significantly greater abilities to propose two-variable relationships 
(Quiz 3 Objective 5) and identify confounding variables (Quiz 4 Objective 3), but were 
unable to combine these skills to design a controlled experiment. Perhaps the sequence of 
activities targeting identification of variables and control of variables should be interlaced 
to better target the ability to design controlled experiments.
While not significant at the 0.05 level, a marginally significant difference 
(p<0.10) for the immediate posttest measure of ability to design a controlled experiment 
(Exam 2 Objective 3) was found for the control group. It appears to arise from higher 
response levels occurring from HOTS level 0 subjects. 83%, 69%, and 90% of the 
subjects in the control groups at HOTS levels 0,1, and 2, respectively, were able to 
design a controlled experiment (response level 1). In comparison, 25%, 56%, and 80% of 
subjects in the treatment group at HOTS levels 0 ,1, or 2, respectively, were able to
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design a controlled experiment. Of those subjects at HOTS level 0,33% of the control 
subjects had a pretest control-of-variables skill level of 0, while 75% of the treatment 
subjects had a pretest control-of-variables skill level of 0. Hence, the control group 
achieved a marginally significant higher score for ability to design a controlled 
experiment because those subjects at the lowest HOTS level had higher pretest control- 
of-variables skill levels. The small number of subjects, however, does limit interpretation 
of the results at HOTS level 0. A short interval between instruction on control of 
variables and the administration of this measure may have not allowed sufficient time for 
the treatment students to internalize the effects of instruction.
The primary objectives of the treatment on proportional reasoning were to 
develop the ability to identify, manipulate, and compare constant ratios. In addition, 
emphasis was given to recognizing the link between symbolic and algebraic 
representations of proportional relationships (e.g., a chemical equation and a molar ratio 
formula). The results suggest that FR instruction was somewhat effective for developing 
the ability to explicitly compare ratios; both research groups were able to manipulate 
given ratios to compute new values. In effect, this is the difference between comparing 
ratios of the rate of gasoline consumption in two different automobiles versus using the 
ratios to compute volume of gasoline consumed over a given distance. Treatment subjects 
developed significantly greater abilities to explicitly compare ratios (Exam 4 Objective 
1), while all subjects were able to identify and manipulate constant ratios (Quiz 6 
Objective 2). However, the ability to identify, manipulate, and compare ratios was 
influenced by the context of the question. Performance decreased when subjects had to 
extract information necessary to create and compare a ratio (Quiz 6 Objective 3) or
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recognize the link between the symbolic and algebraic representation of a proportional 
relationship (Quiz 8 Objective 1).
While these results provide some support for the ability to internalize the pattems 
of formal reasoning, no support was found for the hypothesis that students using a 
formal-reasoning-centered laboratory curriculum generalized the pattems of the formal- 
reasoning skills specifically targeted during instmction. No significant differences were 
found on posttest measures of control of variables and proportional reasoning using a 
general context. Analysis of the results from the HOTS test found that the distribution of 
posttest skill levels for the two research groups were not significantly different. The 
change in skill level distributions, which represents the difference between the posttest 
and pretest skill levels, were also not significantly different between the two research 
groups. However, the distributions for the treatment subjects had a median value of one 
for both skills; the distributions for the control subjects had a median value of zero. This 
shows that the treatment subjects achieved, on average, more positive gains in skill level 
during instruction as compared to the control subjects for control of variables and 
proportional reasoning. Wilcoxon signed ranked tests, the non-parametric equivalent to 
the dependent samples T-test, were performed on the posttest and pretest skill-level 
distributions for each research group. Both the control and treatment subjects achieved 
marginally significant gains in control-of-variable skill levels during instmction, with 
p=0.098 and p=0.082, respectively. However, only treatment subjects achieved 
marginally significant gains in proportional-reasoning skill levels during instmction, with 
p=0.101. It was also noted that the distribution of response and skill levels for the 
treatment subjects ranked higher than the corresponding distribution for the control
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subjects on a majority of the measures of formal reasoning using a chemistry or general 
context.
The difference in results between formal-reasoning measures using a chemistry 
context versus a general context raises an interesting point. It appears that the effect of 
the FR curriculum was limited to the context of treatment instruction. However, it is 
likely that generalization of a skill requires a longer time period to be realized than was 
available. The larger positive gains in control-of-variables and proportional-reasoning 
skill levels suggest that the FR curriculum was beginning to have a greater effect on 
treatment subject abilities to use these skills in a general context.
The FR curriculum may also have differentially effected generalization of the two 
skills. The change in control-of-variables skill-level distribution for the treatment subjects 
has a more negative skew (-0.839) than the corresponding proportional-reasoning 
distribution (-0.148). Comparison of Figures 5 and 6 for the treatment subjects shows 
larger positive changes in skill levels for control of variables than for proportional 
reasoning. This suggests that the FR curriculum had a greater effect on the treatment 
subject generalized abilities to use control of variables than proportional reasoning. The 
HOTS test was administered six weeks after the final laboratory activity targeting control 
of variables, and less than one week after the final laboratory activity targeting 
proportional reasoning. Treatment subjects may have had sufficient time to internalize a 
generalized control-of-variables skill, while insufficient time was available to fully 
internalize a generalized proportional-reasoning skill.
The evidence presented also provides no support for the hypothesis that 
instruction on a subset of formal-thinking skills affected the ability to use related, but not
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specifically targeted, formal thinking skills. No significant differences were found on 
posttest measures of combinatorial reasoning, probabilistic reasoning, or correlational 
reasoning using a general context. Analysis of the results from the HOTS test found that 
the distribution of posttest skill levels for the two research groups were not significantly 
different; nonspecific transfer of treatment was not observed.
The change in skill-level distributions were also not significantly different 
between the two research groups for two of the three skills. However, control subjects 
achieved significantly greater change in skill level for correlational reasoning. Figure 8 
shows that control subjects achieved, on average, more positive gains in correlational- 
reasoning skill level during instruction as compared to the treatment subjects; the 
distributions for the treatment and control subjects had a median value of one and zero, 
respectively. The greater effect of the CC curriculum on correlational reasoning may be a 
result of its greater emphasis on describing relationships among chemistry concepts. A 
primary objective of the CC curriculum was to develop the ability to describe and 
illustrate the relationship between particulate-level interactions and macroscopic-level 
observations.
Wilcoxon signed ranked tests were performed on the posttest and pretest skill- 
level distributions for each research group. No significant gains in combinatorial and 
probabilistic reasoning during instruction were found for either the control or treatment 
group. However, in addition to the significant difference for change in skill levels, control 
subjects achieved a significant gain in correlational reasoning during instruction 
(p=0.048). It was also noted that the distribution of posttest skill levels for the control
181
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
subjects ranked higher than the corresponding distribution for the treatment subjects for 
all three skills.
The difference in results for specific- and nonspecific-transfer of formal reasoning 
between two research groups raises another interesting point. Subjects using the FR 
curriculum achieved significant gains in control of variables and proportional reasoning; 
skills that were targeted during instruction. Subjects using the CC curriculum achieved 
significant gains in control of variables and correlational reasoning; skills that were not 
targeted during instruction. In fact, inspection Tables 48 and 53 shows that control 
subjects had net positive increases at the highest skill levels (levels 2 and 3) for all of the 
formal reasoning skills, except perhaps proportional reasoning. Treatment subjects, on 
the other hand, had net positive increases at the highest skill levels only for control of 
variables and proportional reasoning; net decreases were observed for combinational and 
correlational reasoning. This suggests that the CC curriculum had a broad effect across 
most formal reasoning skills, while the FR curriculum had an effect limited to the skills 
targeted during instruction. Because no significant differences were found between the 
research groups on posttest HOTS skill levels for any of the formal reasoning skills and 
significant gains in skill level was limited to only a few skills, this supposition is quite 
tenuous. Further research is needed to determine the range of effect of explicit (FR) 
versus implicit (CC) formal reasoning instruction.
The HOTS levels, which represent concrete, transitional, formal developmental 
levels, were determined from the combined profile of skills levels. No significant 
differences were found between the two research groups on posttest HOTS levels or the 
change in HOTS level distributions. However, both research groups achieved higher
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posttest HOTS levels as compared to pretest HOTS levels as seen in Table 58. A 
Wilcoxon signed ranked test on the posttest and pretest HOTS level distributions for all 
subjects found a marginally significant increase in HOTS level (p=0.083). The ability to 
use formal reasoning skills, regardless of type of curriculum, increased over the period of 
instruction.
Research Question Two
2. Will students using a formal-reasoning-centered laboratory curriculum achieve 
significantly greater scores on measures of chemistry concept understanding than 
students using a chemistry-concept-centered laboratory curriculum?
The effectiveness of the laboratory curricula is described in terms of measures 
which assessed understanding of chemistry concepts. Evaluation of understanding of 
chemistry concepts used total points on the ACS final exam and four midterm exams. 
Questions from midterm exams and laboratory quizzes were also coded for understanding 
of chemistry concepts.
Course Exams
As seen in Tables 23, there were no significant differences between the two 
research groups on the mean scores on the ACS final exam. Table 24 shows that subjects 
at a higher HOTS level achieved higher mean scores than those at a lower HOTS level. 
Potential interaction effects of research group by HOTS level may exist as the treatment 
subjects at HOTS levels 0 and 1 achieved higher mean scores than the control subjects. A
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two-way ANOVA revealed no significant interaction effects; however, a significant main 
effect for HOTS level was found (p=0.002).
As seen in Table 25, there were no significant differences between the two 
research groups on the mean scores from the four midterm exams. Subjects at a higher 
HOTS level achieved higher mean scores, on average, than those at a lower HOTS level; 
results for the first and fourth midterm exams are shown in Tables 26 and 27. A two-way 
MANOVA by research group and HOTS level for the four midterm exams revealed no 
significant interaction effects; however, a significant main effect for HOTS level was 
found (p=0.002).
Coded Ouestions
As seen in Tables 29 and 30, there was a significant difference between the two 
research groups on one of the questions coded for understanding of a chemistry concept. 
No significant differences were found on the other measures.
The significant difference for the limiting-reactant concept measure (Quiz 3 
Objective 6) appears to arise from higher response levels occurring at the highest HOTS 
level, as seen in Table 31. 20%, 60%, and 84% of the subjects in the control groups at 
HOTS levels 0, 1, and 2, respectively, had a good understanding of the limiting reactant 
concept (response level 1). In comparison, 25%, 50%, and 39% of subjects in the 
treatment group at HOTS levels 0,1, or 2, respectively, had a good imderstanding of the 
limiting reactant concept. While treatment subjects at HOTS level 1 outperformed those 
at HOTS level 2 for this measure, Table 31 shows that subjects at a higher HOTS level 
achieved higher response levels, on average, than those at a lower HOTS level for both 
research groups.
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Discussion
The following hypothesis was offered for the second research question:
Ability to use formal reasoning is positively related to achievement in
general, and to conceptual understanding in specific.
The evidence presented provides no support for the hypothesis that students using 
a formal-reasoning-centered laboratory curriculum achieved greater scores on measures 
of chemistry concept understanding because of its relationship with ability to use formal 
reasoning skills. However, some support is provided for the alternative hypothesis that 
students using a chemistry-concept-centered laboratory curriculum internalized an 
organized network of chemistry concepts. Analysis of the coded questions from the 
laboratory and midterm exams found that control subjects achieved significantly higher 
scores on one of the six measures of chemistry concept understanding. The non­
significant differences found for the other five measures may be a result of the context of 
the questions. An average of 70% of the subjects achieved the highest response level on 
three of the coded measures, while an average of 72% of the subjects achieved the lowest 
response level on the remaining two measures.
The non-significant difference found for the ACS final exam is also likely a result 
of the context of questions, which tend to be algorithmic in nature. Questions of this type 
do not necessarily invoke use of formal-reasoning skills. However, the questions on the 
midterms exams were predominately word problems that are more likely invoke the use 
of formal reasoning skills. The finding of no significant differences between the research
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groups on the four midterm exams may be a result of the characteristics of the student 
population involved in the study. The spring semester general chemistry course is the 
trailer course; students enrolling in this course generally have a poor academic 
background in math and chemistry. These deficiencies are evident is the decreasing 
performance on the midterm exams as the semester progresses.
Research Question Three
3. Will students using a formal-reasoning-centered laboratory curriculum report 
more positive attitudes than students using a chemistry-concept-centered 
laboratory curriculum?
The effectiveness of the laboratory curricula is described in terms of measures 
which assessed attitude toward science as indicated by perceived learning gains. 
Evaluation of perceived learning gains was measured using the Student Assessment of 
Learning Gains.
Student Assessment of Learning Gains
The items on the SALG were separated into four major categories. Each category 
contained several items.
Category 1: Structure o f Laboratory Instruction
As seen in Tables 64 and 65, there was a significant difference between the two 
research groups on all items in the first category. The items in this category concerned the 
characteristics of the laboratory environment; laboratory procedures used to collect data,
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questions on the laboratory reports, interactions with peers and teaching assistants, and 
laboratory-based assessments.
Category 2: Learning from Laboratory Lnstruction
As seen in Tables 66 and 67, there was a significant difference between the two 
research groups on all items in the second category. The items in this category concemed 
subject perceptions of teaming chemistry concepts, data analysis, and problem-solving 
skills as a result of laboratory-based instruction.
Category 3: Application o f Laboratory Learning
As seen in Tables 68 and 69, there was a significant difference between the two 
research groups on four of five items in the third category. The items in this category 
concemed subject perceptions of applying the concepts and skills developed in the 
laboratory and whether these affected their ability to solve problems in other disciplines 
or to learn in general.
Category 4: Targeted Learning Objectives
As seen in Tables 70 and 71, subjects in the control group selected higher 
response levels (levels 4 and 5) than subjects in the treatment group on items specific to 
the learning objectives (chemistry concepts or formal reasoning) targeted in the two 
curricular materials. The items in this category for the control group primarily concemed 
subject perceptions of ability to describe and relate particulate-level interactions to 
macroscopic-level behaviour. Two items also addressed perception of ability to use skills 
associated with the laboratory; finding pattems and designing experiments. The items in
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this category for the treatment group concemed subject perceptions of ability to use the 
targeted formal reasoning skills.
Discussion
The following hypothesis was offered for the third research question:
An inquiry approach in laboratory instruction is positively related to 
student attitude. The FR laboratory curriculum and the CC laboratory 
curriculum use a guided-inquiry approach.
The evidence presented provides no support for the hypothesis that students using 
a formal-reasoning-centered laboratory curriculum would not report more positive 
attitudes because of its relationship with guided-inquiry activities. However, support is 
provided for the altemative hypothesis that a guided-inquiry chemistry-concept-centered 
laboratory curriculum would realize subjects’ expectations regarding its stmcture and 
learning objectives.
Analysis of the responses to the 5-point Likert scale items found that control 
subjects reported significantly more positive attitudes toward the perceived stmcture of, 
learning from, and application of laboratory-based instmction. The most apparent 
difference between the two groups in terms of the first category for stmcture of 
laboratory instmction is the questions on the laboratory reports that targeted the different 
learning objectives. Control subjects had a significantly more positive perception of the 
laboratory environment, even though the design of the study controlled for many
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potential influences (e.g., experimental procedures, length of laboratory report, 
interaction with teaching assistants) on attitude toward laboratory-based instruction.
The finding of a significant difference in the perception of learning from 
laboratory instruction may be a result of the close relationship between the objectives of 
the CC curriculum and the statements concerning perceptions of understanding chemistry 
concepts, data analysis, and problem-solving skills for items in the second category. 
However, items in the third category had a greater focus on skills as opposed to concepts 
and should have a close relationship to the objectives of the FR curriculum. But, control 
students again reported significantly more positive attitudes toward the perceived 
learning from laboratory instruction. Only one item in the third category, concerning lack 
of confidence in ability to solve problems in different disciplines, was not significantly 
different between the two research groups. Thus, while treatment students perceived 
significantly lower gains in learning the chemistry concepts and skills targeted in the 
laboratory, they do perceive a comparable ability to learn material in other disciplines.
Differences are also apparent in the fourth category which concemed perceptions 
of the specific learning objectives targeted in each curriculum. The higher response levels 
(levels 4 and 5) were selected by an average of 66% and 35% of the subjects across all 
items for the control and treatment group, respectively. Subjects in the control group had 
more positive perceptions of their learning gains on the chemistry concept learning 
objectives targeted during instmction. Subjects in the treatment group had less positive 
perceptions of their leaming gains on the formal reasoning objectives targeted during 
instmction.
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It is hypothesized that the significant differences between the research groups for 
the perceptions of laboratory structure, leaming from laboratory instruction, and 
application of laboratory instmction is a result of student expectations of the chemistry 
laboratory environment. That is, control subject expectations were largely realized, while 
treatment subject expectations were not realized. Examination of comments in the last 
section of the SALG reveals two distinct themes. Control subjects stated that the 
laboratory activities should be better integrated with the material covered in lecture. As 
commented by one control subject, “the subject of lab experiments should directly follow 
or directly precede the topics covered in lecture.” Treatment subjects, however, stated 
that the laboratory activities should relate to the material covered in lecture. As 
commented by one treatment subject, “labs were almost completely unrelated to the 
course material...” It appears that an emphasis on developing formal reasoning skills in 
the FR curriculum did not support treatment subject expectations of what instmction in a 
chemistry laboratory should entail.
Research Question Four
4. Will students using a formal-reasoning-centered laboratory curriculum have a 
greater ability to abstract use of formal reasoning schemata from context than 
students using a chemistry-concept-centered laboratory curriculum?
The effectiveness of the laboratory curricula is described in terms of responses to 
interview questions that assessed ability to abstract use of formal reasoning from context.
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Interviews
The responses to the interview questions were coded into categories 
characterizing subjects’ reasoning about the problems solved during the interview. The 
first category. Problem Structure, describes the characteristic chosen by the subjects to 
sort the problems into different categories. The second category. Strategy Discussion, 
describes whether strategy discussion was focused on the context of the problems. The 
third category, Proportional-Reasoning Schema, describes the type of schema held by the 
subject. The fourth category. Common Strategy, describes whether subjects identified a 
common strategy that can be used across all problems.
Problem Structure
As seen in Table 76, treatment subjects were more likely to sort problems into 
different categories based on strategy (process) used to solve them than based on the 
surfaee-level structure (context) of the problems. Three of six treatment subjects used 
process as a sorting criterion, while four of six control subjects used context as a sorting 
criterion.
Strategy Discussion
As seen in Table 77, treatment subjects were more likely to discuss the strategy 
used to solve the problems, without explicit reference to the details of each problem. Four 
of five treatment subjects discussed strategy abstracted from problem details, while four 
of five control subjects discussed strategy bounded to problem details. One subject from 
each research group was not coded because of guidance given on how to discuss the 
strategy used to solve the problems.
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Proportional Reasoning Schema
As seen in Table 78, treatment subjects were more likely to have a conceptual 
proportional reasoning schema than an algorithmic or transitional schema. Three of six 
treatment subjects have a conceptual proportional-reasoning schema based on the high- 
level terminology (e.g., ratio, proportions) used to discuss the strategy used to solve the 
problems. Three of six control subjects have an algorithmic proportional-reasoning 
schema based on the low-level terminology (e.g., dividing, multiplying) used to discuss 
problem-solving strategy.
Common Strategy
As seen in Table 79, treatment subjects were more likely to identify a common 
proportional-reasoning strategy that can be used to solve all of the problems. Five of six 
treatment subjects, as compared to three of six control subjects, identified a common 
proportional-reasoning strategy. Two control subjects and one treatment subject 
identified a common strategy other than proportional reasoning. This other strategy 
involved basic problem-solving skills such as identifying information given and wanted 
in the problem. Only one subject, in the control group, could not identify a common 
strategy that could be used across all problems.
Relationships among Structure, Strategy, and Schema
As seen in Table 80, there is no relationship between subject choice of a sorting 
criterion (problem structure) and whether their strategy discussion was tied to the context 
of the problem (strategy discussion). Similarly, there is no relationship between subject 
choice of a sorting criterion and their proportional-reasoning schema, as seen in Table 81.
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As seen in Table 82, there is a relationship between the abstractness of the 
strategy discussion and the type of proportional-reasoning schema. A majority of the 
subjects who held a conceptual proportional reasoning schema and discussed strategy 
abstracted from context were from the treatment group.
As seen in Table 83, there is a relationship between type of proportional- 
reasoning schema and ability to identify the proportional reasoning strategy that is 
common across all problems.
Discussion
The following hypothesis was offered for the fourth research question;
An instruction program that provides opportunities to explicitly construct an 
understanding o f formal reasoning in different contexts over twelve 170-minute 
laboratory sessions will allow an individual to internalize and generalize patterns 
o f formal reasoning.
The evidence presented supports the hypothesis that students using a formal- 
reasoning-centered laboratory curriculum developed a greater ability to generalize 
(abstract) use of formal reasoning schemata from context than students using a chemistry- 
concept-centered laboratory curriculum. The coded responses from the interviews reveal 
that treatment subjects focused more on the strategy used to solve the problems and were 
able to discuss it without repeated reference to problem details, as compared to the 
control subjects. In addition, more treatment subjects held a conceptual proportional- 
reasoning schema and identified the common proportional-reasoning strategy that could
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be applied across all problems, as compared to control subjects. While the number of 
interviewed subjects is small, the results suggest that subjects using the FR curriculum 
developed a generalized concept of proportional reasoning and were able to identify and 
discuss this reasoning strategy using abstract terms.
The relationships between the four themes used to code the interview responses 
reveal some interesting results. No relationship was found between subject choice of a 
sorting criterion (problem structure) and the nature of their strategy discussion or 
proportional reasoning schema. Sorting the problems into different categories based on 
context, process, or a combination of context and process does not predict subject 
abilities to abstractly discuss strategy use or hold a conceptual proportional reasoning 
schema. While a subject may initially sort the problems based on context, this does not 
preclude the ability to sort based on process. During the interview, subjects were asked to 
separate the problems into different categories and to describe the chosen sorting criteria. 
Subjects were not asked to identify a new sorting criterion; the goal of this part of the 
interview was to describe the initial focus by the subjects on the characteristics of the 
problems (contextual or strategy use). It is likely that some of the subjects that initially 
sorted the problems based on context could resort the problems based on process.
A relationship was found between the nature of the strategy discussion and the 
type of proportional-reasoning schema. Subjects who were able to discuss strategy 
without repeated reference to the details of the problems (abstract) held a conceptual 
proportional-reasoning schema. An excerpt from the transcript of subject F provided 
below exemplifies an abstract strategy discussion using a conceptual proportional 
reasoning schema. Conversely, subjects who were tied to the details of the problem
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during strategy discussion (bound) held an algorithmic proportional-reasoning schema.
An excerpt from the transcript of subject K provided below exemplifies a bound strategy 
discussion using an algorithmic proportional-reasoning schema. It is not surprising that 
subjects with a low-level algorithmic proportional-reasoning schema would discuss 
strategy in terms of the context of the problems; these subjects have yet to recognize the 
concept of proportion versus the operations of multiplying and dividing. The surprising 
result was that subjects with a high-level proportional-reasoning schema exclusively 
discussed strategy without repeated reference to the context of the problems. While it is 
expected that a conceptual proportional-reasoning schema would develop once subjects 
recognize the application of this strategy across several different contexts, holding a 
conceptual-reasoning schema does not necessarily exclude bounded strategy discussion. 
This relationship between type of schema and strategy discussion suggests that once a 
higher-level concept is formed, and subsumes lower-level exemplars of the concept, 
thinking is primarily initiated at the higher and more abstract level.
Subject F: They gave us—I’ll try and say it better too—they gave us proportion like A 
for B or A per B and they gave us another value for B and had us try and find 
the value that it was over, the other value in the proportion. So, um, to do that 
you took the value that they had given you and um set it equal to the other 
proportion and then solve for the wanted value.
Subject K; And in this next one, they want to know—you’re given 2 mols of an
unknown substance and it weights 32 grams, they want to know how much 7
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mols will weigh. So I went, 2 divided by 32, which gives me 16 grams in 
each mol, I went 16 times by 7, which gives me 112 grams in 7.0 mols for 
that sample.
A relationship was found between the type of schema and identification of 
common proportional-reasoning strategy. All of the subjects using a conceptual schema 
were able to identify the common proportional-reasoning strategy at a conceptual level. 
An excerpt from the transcript of subject I provided below exemplifies a conceptual 
schema used to identify a common proportional-reasoning strategy at a conceptual level. 
None of the subjects using an algorithmic schema were able to identify the common 
proportional-reasoning strategy at a conceptual level. An excerpt from the transcript of 
subject L provided below exemplifies an algorithmic schema used to identify a common 
proportional-reasoning strategy at an algorithmic level. The relationship between type of 
schema and identification of a common proportional strategy is not surprising. A 
conceptual proportional-reasoning schema should develop as an individual recognizes its 
application across problems from different contexts.
Subject I: Yeah. I did the same thing for every single problem. In this one I just did it 
twice instead on once. In each of those, setting up a proportion or ratio and 
then working with that. It’s exactly the same in this one and this one.
Subject L: Well, let’s see. Used division in this one to come up—come up with a value;
used division in that one; used division; used division and multiplication in
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that one; and division in that one; division in that one; and that one; and in 
that one; and that one. So I used division in all of them and eh, it seems like a 
common strategy was eh, was I found the value for each variable and then, 
eh, and then I just used that value for the variable and I plugged it into what I 
wanted to know and that gave me a solution like, like eh, you know, one 
truckload equals six. Er, excuse me, one truckload equals 24. So that’s a 
value for this variable of truckloads, so I just divided that and the same thing 
with this, one can, that’s a variable, and the value was 360 feet. So, yeah, that 
seems to be a pretty common theme through all these problems; common 
strategy.
General Discussion
In 1961, the Educational Policies Commission released a document that stated, 
“The purpose which runs through and strengthens all other educational purposes -  the 
common thread of education -  is the development of the ability to think” (p. 11-12). A 
similar conclusion was reached by Yager (2000b) nearly forty years later. National 
organizations have published standards that support the development of thinking skills in 
an inquiry-oriented environment (AAAS, 1993; NRG, 1996). These standards have 
apparently been unheeded at the college level because only eight percent of ACS- 
accredited institutions use inquiry materials in the laboratory (Abraham et al., 1997).
The primary purpose of the science laboratory may be a contentious issue 
(Hegarty-Hazel, 1990), but research studies have demonstrated the effectiveness of 
inquiry-oriented activities for gains in conceptual understanding, higher-order thinking.
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and positive attitudes toward science (Garnett et al., 1995; Hofstein & Lunetta, 1982; 
Lawson, 1985; Lawson et al., 1989; Lloyd, 1992; Sutman et al., 1996). Given the 
relationship between a functional (conceptual) understanding of science concepts and 
ability to use higher-order thinking skills (Lawson & Renner, 1975; Marek, 1981; Strang 
& Shayer, 1993), it suggests that instructors should place greater emphasis on developing 
these skills, especially since the majority of college JBreshmen cannot consistently use 
them.
The results of this research study provide some guidance on the role of the general 
chemistry laboratory as an environment to promote development of higher-order thinking 
skills. Explicit instruction on a set of formal reasoning skills is more effective than 
implicit instruction; however, the effect is limited to the targeted skills as no 
generalization outside the context of instruction or to other skills was found. Support for 
inquiry-oriented activities in general was found as both formal-reasoning-centered and 
chemistry-concept-centered instruction produced gains in ability to use higher-order 
thinking skills.
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Conclusions
1. A formal-reasomng-centered laboratory curriculum produces significantly greater 
scores on immediate posttest specific-transfer measures of formal reasoning using 
a chemistry context as compared to a chemistry-context-centered laboratory 
curriculum. Targeted instruction on formal reasoning affects the development of 
an intemalized formal reasoning structure.
2. The significant effect of specific transfer on immediate posttest measures is not 
retained on delayed posttest specific-transfer measures of formal reasoning using 
a chemistry context.
3. The significant effect o f specific transfer on immediate posttest measures is not 
observed on posttest specific-transfer measures of formal reasoning using a 
general context. Targeted instruction on formal reasoning does not affect the 
development of a generalized formal reasoning structure.
4. A formal-reasoning-centered laboratory curriculum does not produce significantly 
greater scores on posttest nonspecific-transfer measures of formal reasoning using 
a general context as compared to a chemistry-context-centered laboratory 
curriculum. Targeted instruction on a subset of formal reasoning skills does not 
affect the development of a generalized formal reasoning structure for a different 
subset of formal reasoning skills.
5. A formal-reasoning-centered laboratory curriculum does not produce significantly 
greater scores on posttest measures of understanding chemistry concepts as 
compared to a chemistry-context-centered laboratory curriculum.
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6. Subjects using a chemistry-concept-centered laboratory curriculum report 
significantly more positive attitudes towards laboratory-based instruction than 
subjects using a formal-reasoning-centered laboratory curriculum.
7. Performance on formal reasoning and chemistry concept measures is related to 
HOTS level (developmental level). Subjects with an organized formal reasoning 
structure (HOTS level two) achieved greater scores on measures of formal 
reasoning and understanding of chemistry concepts than subjects with an 
emergent formal reasoning structure (HOTS level zero).
8. A formal-reasoning-centered laboratory curriculum produces significantly greater 
abilities to abstract use of proportional reasoning from context as compared to a 
chemistry-context-centered laboratory curriculum. Targeted instruction on formal 
reasoning affects the ability to identify and abstract use of a proportional- 
reasoning schema across problems having different contexts.
9. A guided-inquiry laboratory curriculum produces significant gains in ability to 
use formal reasoning skills.
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Suggestions for Future Research
1. The contrast between explicit versus implicit guided-inquiry formal-reasoning 
instruction may not have been sufficient to realize differences in development of 
ability to use formal reasoning. Future research should investigate the 
effectiveness of explicit inquiry-based formal reasoning instruction to traditional 
expository instruction.
2. A sequential order of instruction on a set of formal reasoning skills may not be as 
effective as an interlaced order. Future research needs to investigate whether a 
combined approach to formal reasoning instruction has additive effects because of 
the relationship between different formal-reasoning skills.
3. Future research needs to clarify the difference between explicit (FR) versus 
implicit (CC) instruction in terms of internalization, retention, and generalization 
of ability to use formal reasoning skills. Explicit instruction may only 
significantly affect the targeted skills, and this effect may be temporary. Implicit 
instruction may affect a broader range of skill ability and have a more permanent 
affect.
4. Internalization and retention of formal reasoning skills may require a longer time 
period than was available in this study. Future research should investigate the 
effectiveness of formal-reasoning-centered instruction over a longer time period. 
In particular, it should be determined whether a larger number or the same 
number of activities needs to be delivered over a longer time period.
5. Generalization of formal reasoning skills may also require a longer time period 
than was available in this study. Future research should investigate whether a
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differential temporal effect (i.e., delayed onset) for gains in generalization exist 
across different reasoning skills.
6. Expectations of laboratory-based instruction may significantly influence 
perception of leaming gains. Future research needs to describe and quantify 
expectations, and to design explicit instmction on formal reasoning that is better 
integrated with course materials.
7. Future research needs to expand and clarify the relationship between formal 
reasoning instmction, conceptual orientation used during problem-solving, and 
developmental level. Use of higher level (conceptual) schemas to initiate thinking 
may be developed by explicit instmction on formal reasoning, or it may be 
primarily mediated by developmental level.
8. The optimal age for formal reasoning instmction occurs, in theory, during 
puberty. Future research should investigate whether formal reasoning instmction 
has a differential affect with the age of the students.
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Laboratory Curriculum
Laboratory Learning Objectives
Laboratory Sehedule
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Laboratory Curriculum
Title: Chemistry by Inquiry, Laboratory Manual 
Chemistry by Inquiry, Data Worksheets 
Chemistry by Inquiry, Laboratory reports 
Chemistry by Inquiry, TA guidance sheets
The curriculum consists of a laboratory manual containing procedures, 
worksheets for data entry, a laboratory report, and a set of guiding questions for the TAs 
for each activity.
A copy of the curriculum is available as a word document on the enclosed disk.
Manual: Chemistry_by_Inquiry.doc
Worksheets: Data_worksheets.doc
Reports: lab_reports.doc
Guiding Questions: TA_guide.doc
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Laboratory Learning Objectives
Title; Chemistry by Inquiry, Overview and Objectives
This supplement to the laboratory curriculum contains a list of materials and 
equipment for each laboratory activity. The learning objectives for the FR and CC 
curricula are outlined and detailed for the three main sections (Develop, Collective, 
Expand) of each laboratory report.
A copy of the learning objectives is available as a word document on the enclosed
disk.
Objectives: lab_objectives.doc
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Laboratory Schedule
CHEMISTRY 161 LABORATORY 
SPRING 2004
Laboratory Coordinator; Kereen Monteyne 
Office location: CP006
Office hours: open door policy or by appointment. I am frequently available so please come by at any time. 
Email: kereen.monteyne@umontana.edu
Lab Instructor (TA): 
Contact Information:
Office Hours, Location:
Required: Chemistry 161 Laboratory Manual “Chemistry by Inquiry”
Chemistry 161 Laboratory Data Worksheets “Chemistry by Inquiry” 
Splash-protection safety goggles.
Schedule
Date Activity Report Due Quiz
F30 Jan Diagnostic tests; Safety
F 06 Feb Check in; Activity A. 1 W 11 Feb F 13 Feb (Quiz 1)
F 13 Feb Activity B. 1 W 18 Feb
F 20 Feb Activity B.2 W 25 Feb F 27 Feb (Quiz 2)
F 27 Feb Activity C.l W 03 Mar F 05 Mar (Quiz 3)
F 05 Mar Activity C.2 W 10 Mar
F 12 Mar Activity D.l W 17 Mar F 19 Mar (Quiz 4)
F 19 Mar Activity D.2 W 24 Mar F 26 Mar (Quiz 5)
F 26 Mar Activity D.3 W 07 Apr
F 02 Apr Spring Break
F 09 Apr Activity C.3 W 14 Apr F 16 Apr (Quiz 6)
F 16 Apr Activity C.4 W21 Apr
F 23 Apr Activity D.4 W 28 Apr F 30 Apr (Quiz 7)̂
F 30 Apr Activity C.5 W 05 May F 07 May (Quiz 8)'
F 07 May Evaluations; Check out
 ̂ Exam 4 is R 29 Apr, plan accordingly
 ̂ Final quiz will consist of a written and computer-based assessment
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Appendix B
Chemistry Concept Measures
California Chemistry Diagnostic Test 
ACS General Chemistry Exam
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California Chemistry Diagnostic Test
The entrance exam for the course was the California Chemistry Diagnostic 
Test form 1993. It is a multiple-choice exam with 44 questions that assess students’ 
background knowledge in chemistry and algebra. The statistics for the exam are collected 
from institutions that send their student data to the ACS exam institute. The national 
norm for form 1993 was an average score of 18.35 with a standard deviation of 7.01 and 
a KR-21 internal consistency of 0.80.
Example questions from this exam cannot he displayed as it is copyrighted.
ACS General Chemistry Exam
The final exam for the course is the ACS first-term general chemistry exam form 
2000. It is a multiple-choice exam with 70 questions exam that assesses understanding of 
chemistry content typically covered in the first-semester sequence of a two-semester 
general chemistry course. The statistics for the exam are collected from institutions that 
send their student data to the ACS exam institute. The national norm for form 2000 was 
an average score of 39.58 with a standard deviation of 10.99 and a KR-21 internal 
consistency of 0.87. The KR-21 statistic is a measure of the internal consistency among a 
set of test questions.
Example questions from this exam cannot be displayed as it is copyrighted.
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Appendix C
Formal Reasoning Measures
HOTS Test
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HOTS Test
The HOTS test (Monteyne & Cracolice, 2004) was used to assess students’ ability 
to use formal reasoning skills. The modes of reasoning that can be assessed using the 
HOTS test include conservation, control variables, combinatorial reasoning, proportional 
reasoning, probabilistic reasoning, and correlational reasoning.
The questions on the HOTS Test have an assigned a difficulty level based on 
student success rate as well as results from research studies that identify factors which 
influence performance of a thinking skill. The difficultly levels cover three ranges: easy, 
average, and hard. For example, the hard test questions have a low success rate and 
include factors which may disrupt the performance of students who do not have a solid 
understanding of the skill. Each reasoning skill has an associated database of questions 
that has indexes for difficulty level and question number. These indexes are used to 
randomly choose a question from the database (for a given difficulty level) and to ensure 
the same question is not picked more than one time.
The HOTS test is a dynamic assessment in that a student’s response to a question 
is used to determine the follow-up question. Students are initially served a question at an 
average difficulty level. If the question is answered correctly, a follow-up question at the 
hard difficultly level is served. If the question is not answered correctly, a follow-up 
question at the easy difficulty level is served. The HOTS test is adaptive at the level of 
the student as it track his/her progress for each thinking skill. Assessment on a particular 
thinking skill is complete when the exit condition has been achieved; M questions at
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lower difficultly level are passed given failure of M questions at a higher difficulty level. 
For this study, the exit condition was set to two (M = 2).
Upon completion of the HOTS test, students received a skill level score that can 
range from zero to three for each thinking skill assessed. The definition of each skill level 
is described below.
Level 3: The ability to successfully answer two questions at the hard difficulty level 
Level 2: The ability to successfully answer two questions at the average difficulty level, 
given failure of two questions at the hard difficulty level.
Level 1: The ability successfully answer two questions at the easy difficulty level, given 
failure of two questions at the average difficulty level.
Level 0: The lack of ability to successfully answer two questions at any difficulty level.
The collection of formal reasoning skill levels was used to categorize each student 
at a HOTS level of 0, 1, or 2. The HOTS levels are defined based on students’ profile of 
skills levels, and are described below.
HOTS Level 0: A student has an emergent formal reasoning structure if s/he achieves a 
skill level of zero or one on three or more skills.
HOTS Level 2: A student has an organized formal reasoning structure if s/he achieves a 
skill level of three on three or more skills.
HOTS Level 1: A student has a disorganized formal reasoning structure if s/he achieves 
any other combination of skill levels.
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HOTS levels were developed to represent the developmental levels of concrete, 
transitional, and formal. The term concrete cannot strictly be applied here as students at 
HOTS level 0 may display some capacity for formal reasoning. The terms emergent, 
disorganized, and organized were used to represent the degree of integration of the formal 
reasoning mental structure at HOTS level 0 ,1, and 2, respectively.
Example questions for the five formal reasoning skills assessed in this study are 
included as a word document file on the enclosed disk (HOTS_items.doc). Each example 
question lists the question statement, list of answer options, correct answer option, reason 
statement, list of reason options, correct reason option, and an illustration, if applicable.
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Appendix D
Combined Measures
Mid-term Exam Laboratory Questions 
Laboratory Quiz Questions 
Reproduced at original size.
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Mid-term Exam Laboratory Questions
E x am l
(8 points) A group of six friends were playing a roller-ball game at the arcade. Each 
person was given four balls to throw into five rings which have different point values. 
The goal of the game was to achieve an average score of 30 points per ball (considered 
an accurate score). Describe the accuracy and precision of each person’s game shown 
below.
50 points © O © o O
40 points 0 O 0 o 0
30 points O o O 0 ©
20 points O O o o
10 points
John
O
Ted
o
Sara
O
Tammy
o
Sam
o
Jill
Did more people play the game precisely than play the game accurately? Explain 
your reasoning.
Did more people play the game accurately but not precisely than play the game 
accurately? Explain your reasoning.
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Exam 2
(8 points) A student in the general chemistry laboratory was investigating two 
experiments. The details of her investigation are noted in the table below.
Experiment Substance(s) Procedure Observations
1
Sodium
hydrogen
carbonate
Heated several 
samples in crucibles 
using a Bunsen
burner
Some fizzing was observed as the 
sample was heated. After heating was 
complete, the weight o f the remaining 
white solid was less than the weight of 
the original sample.
2
Potassium and 
water
Added water (drop- 
by-drop) onto several 
samples of potassium
Some fizzing was observed as water was 
dropped onto the potassium. A white 
solid formed on the surface o f the pieces 
of potassium.
What effects the amount of white solid formed in experiment 1?
What effects the amount of white solid formed in experiment 2?
Describe an experiment using the reactants from the second experiment that the student 
could perform to determine what effects the amount of white solid that is formed. 
Identify the variables and describe how they will be measured in the experiment.
What is the limiting reactant in the experiment you designed? Explain your reasoning.
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E,
(8 points) A student in the general chemistry laboratory prepared two saturated sodium 
chloride solutions. She prepared solution #1 by placing 2.0 grams of sodium chloride into 
a test tube containing 4.0 mL of deionized water. She prepared solution #2 by placing 5.0 
grams of sodium chloride into a test tube containing 6.0 mL of water. Both solutions 
were thoroughly mixed until no further sodium chloride dissolved.
The student measured the mass of two clean, empty 50 mL beakers. She used a graduated 
pipet to accurately deliver 2.0 mL of each solution into separate beakers. Is the mass of 
the 2.0 mL sample from solution #1 (greater than, less than, or equal to) the mass of the 
2.0 mL sample from solution #2? Explain your reasoning.
Design an experiment which compares the density (g per mL) of different saturated salt 
solutions. Listed below are the substances and equipment available to perform the 
experiment. Clearly describe the amounts of each substance you will use and the 
procedural steps you will perform to complete this experiment. Explain your reasoning.
Substances: potassium chloride, ammonium chloride, calcium chloride, deionized water 
Equipment: analytical mass balance, beakers, graduated cylinder, pipet
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Exam 4
(8 points) A student in the general chemistry laboratory was investigating reactions of 
metals. In the first experiment, he reacted several samples of magnesium with excess 
hydrochloric acid. In the second experiment, he reacted several samples of sodium with 
excess water. In each experiment, bubbles were observed during the interaction. The data 
he collected is shown in the table below.
Experiment #1 Experiment #2
Sample # Mass of Magnesium
Volume 
of gas
Mass of 
Sodium
Volume of
gas
1 0.025 g 23 mL 0.60 g 292 mL
2 0.050 g 46 mL 1.2 g 585 mL
3 0.10 g 92 mL 2.4 g 1169mL
Which metal would release the most gas if a 0.30 gram sample was reacted? Explain your 
reasoning.
Illustrate the relationship between moles of metal and moles of gas on the graph below. 
What is (are) the numerical value(s) for the slope(s) on your graph? Be sure to clearly 
label your graph. Explain your reasoning.
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Laboratory Quiz Questions
Quiz 1
Date: Section #: Lab Instructor:
Name:
Score: /5
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(2 points) A student in the general chemistry laboratory completed an experiment on the 
following set of substances. She observed the physical characteristics of each substance. 
She then placed a small amount of each into water. Finally, she placed another small 
amount of each substance (except sodium) into hydrochloric acid. Her observations are 
noted in the table below.
Substance Observations
sodium Dull grey solid, soft pieces Very vigorous reaction with water (many bubbles)
aluminum
Grey solid, hard pieces 
No apparent reaction with water 
Slow reaction with hydrochloric acid (few bubbles)
calcium
Off-white/grey solid, hard pieces 
Vigorous reaction with water (many bubbles) 
Vigorous reaction with hydrochloric acid (many bubbles)
sulfur
Yellow solid, powder 
No apparent reaction with water 
No apparent reaction with hydrochloric acid
copper
Orange solid, malleable foil 
Slow reaction with water (few bubbles) 
reacts with hydrochloric acid (some bubbles)
Is there a relationship between the observations of each substance and its location on the 
periodic table? Explain your reasoning (additional space is provided on the reverse side 
of the page).
235
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(3 points) Nine chemistry terms are located at the bottom of the page. Order the terms 
from specific to general by placing each into one of the ovals below. Terms located 
near the bottom should be specific examples of terms located in the next higher box. 
For example, the term golden retriever would be placed in Oval #1 because it is a 
specific example of the term dog, which would be placed into Oval #2. There may be 
more ovals than you need to correctly solve this problem.
Oval #5
Oval #4
Oval #3
Oval #2
Oval #1
General
Specific
Iron, element, sulfur dioxide, mixture, chlorine, matter, 
pure substance, nickel bromide, compound
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Q uk 2
Date: Section #: Lab Instructor:
Name:
Score:______ / 25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) A student in the general chemistry laboratory looked up some properties of 
the following substances in the reference book Handbook o f Chemistry and Physics. The 
data he collected is noted below.
Phosphorous -  powder, solid, not soluble in water 
Carbon monoxide -  gas, colorless, poisonous 
Magnesium -  solid, grey, metal 
Bromine -  reactive orange liquid 
Sodium chloride -  solid, soluble in water, crystalline 
Chlorine -  green-yellow gas, poisonous 
Mercury -  liquid, poisonous, grey 
Hydrochloric acid -  corrosive liquid, colorless
Are all of the poisonous substances gases? Explain.
Are there more liquid substances than colorless liquid substances? Explain.
To better manage his data, the student decided to sort the substances into smaller groups. 
For example, he could sort based on whether the substance is or is not a compound, 
making two different groups. Describe an alternate sorting scheme that can be used based 
on the data collected by the student.
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A student in the general chemistry lab performed the following two experiments. A
description of each experiment from her data worksheets is noted below.
Experiment #1
Procedure: : Obtained two samples (0.25 grams, 0.50 grams) of calcium. Added samples 
to separate beakers containing 50 mL of hydrochloric acid and measured 
temperature change of the solution.
Observations: Calcium is a solid grey substance with a rough texture. When added to 
hydrochloric acid, bubbles immediately formed. The beaker containing the 
solution with the smaller sample of calcium warmed up slightly. The beaker 
containing the solution with the larger sample of calcium was hot to the touch. 
The larger sample of calcium produced a larger increase in temperature when 
added to hydrochloric acid than the smaller sample of calcium.
Experiment #2
Procedure: Obtained two samples (Vz-dime size, dime size) of sodium. Added samples to 
separate beakers containing 50 mL of water and measured temperature change of 
the solution.
Observations: Sodium is a solid grey substance with a smooth texture. When added to 
water, bubbles immediately formed. The solution with the smaller sample of 
sodium had a 5°C temperature increase. The solution with the larger sample of 
sodium had an 18°C temperature increase. The larger sample of sodium produced 
a larger increase in temperature when added to water than the smaller sample of 
sodium.
(5 points) Describe the similarities between the two experiments in the procedure and
observations noted by the student.
(5 points) Describe the differences between the two experiments in the procedure and 
observations noted by the student.
(5 points) Chemists group reactions into different types according the substances 
involved as reactants, and how these reactants rearrange to form new substances, or 
products. Can the two reactions investigated by the student be classified as the same type 
of reaction? Explain your reasoning.
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Quiz 3
Date: Section #: Lab Instructor:
Name:
Score: /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) You have observed several indicators of chemical change in the reactions you 
performed in the laboratory (e.g., change in color of substance when heating cobalt(ll) 
carbonate, temperature increase when reacting sodium hydroxide with hydrochloric acid). 
Consider an experiment in which you heat up a liquid substance which is composed of 
three different elements. These elements are represented by the symbols 0 ,  O , and # .  
Shown below is a particulate-level illustration of the liquid substance.
The liquid substance is heated for approximately five minutes. Draw a particulate-level 
representation of the result of the reaction if a chemical change had occurred. Similarly, 
draw a particulate-level representation of the result of the reaction is a physical change 
had occurred. Explain your reasoning.
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A student in the general chemistry lab completed an experiment in which pieces of 
calcium were added to water. She observed that a gas was evolved (bubbles), a white 
precipitate was produced, and the temperature increased during the reaction.
(5 points) What effects the outcome variable amount of precipitate in the reaction? 
Suggest an experiment the student could perform to see whether different amounts of 
precipitate are produced.
(5 points) What other relationships between two variables could the student investigate in 
this experiment? Suggest at least four relationships the student could investigate.
(5 points) How would the student’s observations change if she kept adding pieces of 
calcium into a given volume of water? Explain your reasoning.
240
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Quiz 4
Date: Section #: Lab Instructor:
Name:
Score; /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) Student X in the general chemistry laboratory was investigating the reaction 
between copper(ll) chloride and sodium carbonate. The procedure he followed is noted 
below.
Procedure:
Obtained three samples of copper(II) chloride and dissolved each in water (Table 1).
Prepared a sodium carbonate solution (dissolved a few grams ofNaaCOs in 100 mL of H2O). 
Added some sodium carbonate solution to each sample of CuCb solution (Table 2).
Isolated the precipitate by vacuum filtration, dried on hot plate, and weighed.
TABLE 1
Sample # Mass of CuCL Volume H2O Observations
1 0.2 g 25 mL All three samples completely 
dissolved in water and produced a 
blue solution
2 0.4 g 25 mL
3 0.6 g 25 mL
TABLE 2
Sample # VolumeCuClaCaq)
Volume
Na2C03(aq) Observations
1 25 mL 10 mL A blue precipitate was formed 
when the solutions were 
combined
2 25 mL 10 mL
3 25 mL 10 mL
Shown in Figures 1 and 2 are two possible outcomes for the relationship between mass of 
precipitate and mass of copper(ll) chloride in this experiment. Identify the limiting 
reactant(s) for each outcome and explain your reasoning.
cd
CL
o
Figure
'E-
CL
u-io
Mass of CUCI2 (g)
Figure 2
•  •
Mass ofCuCh (g)
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(5 points) Student X performed a second experiment using the same procedure, except for 
heating the sodium carbonate solutions before mixing with the copper(II) chloride 
solutions as noted in bold in the table below.
Sample # Mass of CuCla Volume H2O Volume CuClaCaq) Volume Na2C03(aq)
1 0.2 g 25 mL 25 mL 10 mL (25°C)
2 0.4 g 25 mL 25 mL 10mL(35°C)
3 0.6 g 25 mL 25 mL 10 mL (45°C)
Will Student X find the same relationship between mass of precipitate and mass of 
copper(II) chloride as in his first experiment? Explain your reasoning.
Another student, Z, was investigating the same reaction between copper(II) chloride and 
sodium carbonate as Student X. The procedure she followed was the same as Student X, 
except for the modifications noted in bold below.
Procedure:
Obtained three samples of copper(II) chloride and dissolved each in water (Table 1).
Prepared a sodium carbonate solution (dissolved a few grams of Na2C0 3  in 100 mL of H2O). 
Added some sodium carbonate solution to each sample of CuCh solution (Table 2). 
Isolated the precipitate by vacuum filtration, dried on hot plate, and weighed.
TABLE 1
Sample # Mass of CuCl2(aq) Volume H2O Observations
1 0.2 g 25 mL All three samples completely 
dissolved in water and 
produced a blue solution
2 0.4 g 50 mL
3 0.6 g 100 mL
TABLE 2
Sample # VolumeCuCLCaq) Volume Na2C03(aq) Observations
1 25 mL 10 mL A blue precipitate was formed 
when the solutions were 
combined
2 50 mL 20 mL
3 100 mL 30 mL
(10 points) How would you change Student Z’s procedure such that she can determine 
the relationship between mass of precipitate and mass of copper(II) chloride? Describe 
each change you will make and explain your reasoning.
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Quiz 5
Date: Section #: Lab Instructor:
Name:
Score: /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) A student in the general chemistry laboratory prepared two sugar solutions. 
He placed 5.0 mL of water into a test tube and added sugar until the solution was 
saturated. He placed 10.0 mL of water into another test tube and added sugar until the 
solution was saturated.
An illustration of the contents of each test tube at the macroscopie-level and a small 
volume of each solution at the particulate level is shown below. Draw a particulate-level 
representation in the boxes below of the species that exist in a small volume of each 
solution. Explain your reasoning. Assume that the boxes below represent the same small 
volume of each solution. Use open circles (O) to represent sugar molecules and closed 
circles ( • )  to represent water molecules.
Solution #1
small volume 
of solution
undissolved sugar
Solution #2Solution #1
Solution #2
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(10 points) A student in the general chemistry laboratory was investigating the reaction 
between Turns antacid tablets and hydrochloric acid. Tums tablets contain calcium 
hydroxide, a base, along with other inactive ingredients. The calcium hydroxide in the 
tablets reacts with acid (i.e., stomach acid) and neutralizes it. The student performed two 
experiments; he used the same procedure for each experiment, but used different amounts 
of reagents as outlined in the tables below.
Procedure:
Obtain three samples of Tums. Completely dissolve each Tums sample in water.
Add 1.0 mL of hydrochloric acid to a sample. Continue adding hydrochloric acid in 1.0 mL 
increments until no further reaction is observed (no more fizzing of the solution).
Repeat procedure for remaining samples.
TABLE 1
Sample # Tums™ Volume H2O Volume HCl
1 1 tablet 20 mL 8 ml,
2 2 tablets 20 mL 16 mL
3 3 tablets 20 mL 24 mL
TABLE 2
Sample # Tums’̂ '̂ Volume H2O Volume HCl
1 1 tablet 40 mL 8 mL
2 2 tablets 40 mL 16 mL
3 3 tablets 40 mL 24 mL
The student decided to compare the effectiveness of Tums antacid to another popular 
brand, Maalox tablets. Maalox, like Tums, also contains calcium hydroxide. Describe an 
experiment the student could perform that will give him data on Maalox that he can 
compare to his Tums data in order to determine which antacid is more effective in 
neutralizing acid. Clearly describe the procedure and the amounts of reactants he should 
use. Explain your reasoning.
(5 points) What potential problems with the experimental design using Maalox could 
prevent the student from comparing the effectiveness of the two antacids? Describe the 
problems and explain your reasoning.
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Quiz 6
Date: Section #: Lab Instructor:
Name:
Score: /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) A student in the general chemistry laboratory was investigating the 
dissolution reaction of iron(ll) sulfate. The procedure he followed is noted below.
Procedure:
Obtained three samples of iron(II) sulfate.
Added 20 mL of water to three styrofoam cups. Measured the initial temperature of the water
(Tinitial)-
Added a sample of iron(II) sulfate to the styrofoam cup. Monitored the temperature change of the 
solution.
Measured the highest temperature attained by the solution (Tfmai)- 
Calculated the temperature change (AT) of the dissolution reaction.
TABLE 1
Sample
#
Mass of 
FeS04
Volume
H2O Tinitial Tfmal
AT
1 1.0 g 20 mL 25°C 2T C 2°C
2 2.0 g 20 mL 25°C 29°C 4°C
3 4.0 g 20 mL 25°C 33°C 8°C
In a separate experiment, the student obtained 3.0 grams of magnesium sulfate and used 
the same procedure to determine the temperature change of its dissolution reaction in 20 
mL of water. His results showed a temperature change of 9°C; a 3.0°C increase per gram 
of magnesium sulfate. Does this experiment provide conclusive evidence that magnesium 
sulfate has a more exothermic dissolution reaction than iron(ll) sulfate? Explain your 
reasoning.
245
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(10 points) A student in the general chemistry laboratory was investigating the 
dehydration reaction of an unknown hydrated compound. The procedure she followed is 
noted below.
Procedure:
Obtained three samples of unknown hydrate.
Heated sample in crucible for three minutes, let cool, and weighed.
Reheated sample in crucible, let cool, and reweighed. Continued heat-cool-weigh cycles until two 
consecutive weights differed by less than 0.001 grams.
Calculated mass of water removed from the hydrated compound (mass of hydrate -  mass of 
anhydrate)
TABLE 2
Sample Mass of Mass of Mass of
# hydrate anhydrate water
1 0.60 g 0.40 g 0.20 g
2 0.90 g 0.60 g 0.30 g
3 1.50 g 1.00 g 0.50 g
How much water would be removed from a 1.74 gram sample of the unknown hydrate if 
it were heated using the same procedure? Explain your reasoning.
(5 points) Another student was investigating the dehydration reaction of the same 
unknown hydrated compound. However, he did not use the same procedure as the first 
student. He heated the hydrate for five minutes, let cool, and then reweighed the sample; 
no further heat-cool-weigh cycles were performed. His results showed that a 1.25 gram 
sample of the hydrate contained 0.95 grams of anhydrate; 0.30 grams of water were 
removed by heating. Should additional heat-cool-weigh cycles been performed by the 
student to complete the dehydration reaction? Explain your reasoning.
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Quiz 7
Date: Section #: Lab Instructor:
Name:
Score: /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) A student was investigating the relationship between pressure and number of 
moles of an ideal gas. She used an ideal gas animation to collect her data. In her first 
experiment, she set the temperature at Ti and the volume at Vi, and she measured 
changes in pressure when the number of moles of helium gas were varied over a range of 
values. She repeated the experiment two more times using the same conditions, except 
that the temperature was set at a higher value (T2) in the second experiment, and at an 
even higher value (T3) in the third experiment.
Use the graph provided below to illustrate the relationship between pressure and number 
of moles of helium for the three experiments. Be sure to clearly label your graph.
What is happening at the particulate level that explains the relationship shown on your 
graph?
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(10 points) Another student was investigating the same relationship between pressure and 
number of moles of an ideal gas. He collected the same data in the first experiment (i.e., 
set the temperature at Ti and the volume at Vi, and measured changes in pressure when 
the number of moles of helium gas were varied over a range of values). He repeated the 
experiment two more times using the same conditions, except that the volume was set at a 
higher value (V2) in the second experiment, and at an even higher value (V3) in the third 
experiment.
Use the graph provided below to illustrate the relationship between pressure and number 
of moles of helium for the three experiments. Be sure to clearly label your graph.
What is happening at the particulate level that explains the relationship shown on your 
graph?
(5 points) What do(es) the slope of the line(s) on your graphs represent in terms of the 
ideal gas equation?
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Quiz 8
Date: Section #: Lab Instructor:
Name:
Score: /25
Instructions: You must show your work when space is provided, and it must logically 
lead to your answer to receive any credit for a question. You may use the periodic table 
provided to you. No other references are allowed. You will have 20 minutes to complete 
this quiz. A second question is located on the reverse side of the page.
(10 points) A student was investigating the reaction between calcium and hydrochloric 
acid. She placed several different-sized samples of calcium in separate beakers. She then 
added hydrochloric acid, drop-wise, into the beakers until the reaction was complete (i.e., 
the fizzing stopped and no solid calcium was visible).
The relationship between the amount of calcium and the amoimt of hydrochloric acid is 
shown in the following graph.
o
"Go
Soo
rs
Amount of calcium
(moles)
Is it possible to determine the value of the slope of the best-fit line in the graph shown 
above? Is so, state the value and explain your reasoning. If not, explain your reasoning.
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(10 points) A lab instructor was reviewing data in a student’s lab report. The experiment 
involved titration of samples of acid with a base. The data included the volume of acid 
pipeted into the Erlenmeyer flask and the volume of base delivered from the buret until 
the reaction was complete (i.e., when the indicator changed color). In addition, the 
student calculated the moles of acid contained in each sample and the moles of based 
used to neutralize each sample of acid.
The relationship between moles of acid and moles of base and the resulting algebraic 
equation are shown in the following graph from the student’s lab report.
Moles Base = 2 • Moles Acid
Amount of acid
(moles)
The base used in the experiment was sodium hydroxide, however, the type of acid was 
not identified in the data. Only two acids were available in the lab, sulfuric acid and 
hydrochloric acid. Which acid was used in this experiment? Explain your reasoning.
(5 points) If [acid] = 0.50 M and [NaOH] = 1.5 M, then how much sodium hydroxide (in 
mL) must be added to neutralize a 25 mL sample of sulfuric acid? A 25 mL sample of 
hydrochloric acid?
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Appendix E
Attitude Measure
Student Assessment of Learning Gains
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Student Assessment of Learning Gains
The Student Assessment of Learning Gains (SALG) is an assessment of students 
perceptions regarding learning gains made in the laboratory component of the course. It is 
a web-based instrument that uses a Likert scale to rate perceptions on statements 
regarding learning gains for concepts and skills, as well as on appreciation or application 
of course material in future studies. Quantitative statistics on the reliability and validity of 
the instrument were not found. Seymour et al. (2000) state that reliability measures of 
attitudinal instruments are very problematic because of the many extraneous factors that 
influence students’ perceptions. However, they argue that evaluation based on learning 
gains will have less variability than evaluation based on teacher’s performance. The 
content validity of the SALG is evidenced in that the questions reflect a focus on learning 
gains. In addition, the free response section of the instrument was found to elicit 
comments related to learning gains.
Questions on the SALG instrument are included below. Separate instruments 
were used for the control and treatment groups.
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C ontrol Group Instrument 
Instructions:
Check on value for each question on each scale. If the question is not applicable, 
check ‘NA’. You may add a comment for any item in the text box at the end of the 
survey.
Ql. H ow much did each of the following aspects of the class help your learning?
NA No help A little help
Moderate
help
Much
help
Very 
much help
A. The way in which the 
material was approached o o o o o o
C. The pace at which we 
worked o o o o o o
D. The class activities o o o o o o
1. Performing experiments o o o o o o
2. Interactions with the lab 
instructor (TA) during lab o o o o o o
3. Interactions with other 
students during lab o o o o o o
E. Tests, graded activities, 
and assignments NA No help
A little 
help
Moderate
help
Much
help
Very 
much help
1. Questions on the lab report 
that require data analysis o o 0 o o o
2. Questions on the lab report 
that require conclusions 
based on data
o o o o o o
3. Questions in the Expand 
Your Thinking section of the 
lab report
o o o o o o
4. Completing lab reports 
with a partner o o 0 o o o
5. Lab Quizzes o o o o o o
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6. The feedback we received 
on lab reports
7. The feedback we received 
on quizzes
G. The information we 
were given about
1. The procedures and 
materials discussed during 
pre-lab
2. The technique skills 
discussed during pre-lab
3. Guiding questions asked 
by the lab instructor (TA) 
during lab
H. Individual support as a 
learner
o
o
o 
o
NA No help
o o
o
o
1. The quality of contact with q  
the lab coordinator
2. The quality of contact with p. 
the lab instructor (TA)
3. Working with peers 
outside of lab
K. The way this class was 
taught overall
o
o
o
o
NA No help
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
A little Moderate Much Very 
help help help much help
o
o
o
o
o
o
o
o
o
A little Moderate Much Very 
help help help much help
o
o
o
o
o
o
o
o
o
o
o
o
Q2. As a result of your work in this class, how well do you think that you now 
understand each of the following?
NA Not at all
A little Somewhat A lot A great
deal
1. The chemistry concepts 
explored in the lab
2. Particulate level 
interactions that describe 
macroscopic behavior
o o
o o
o
o
o
o
o
o
o
o
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Q3. How much has this class added to your skills in each of the following?
NA Nothing A little Somewhat A lot
1. Ability to describe
chemical interactions at the O  O  O  O  O O
particulate level
2. Ability to relate
macroscopic behavior to O  O  O  O  O O
particulate level interactions
3. Ability to relate chemical
equations to macroscopic O  O  O  O  O  O
behavior
4. Finding patterns in data O  O  O  O  O  O
5. Designing lab experiments O  O  O  O  O O
Q4. T what extent did you make gains in any of the following as a result of what 
you did in this class?
NA ^  A little Somewhat A lotall deal
1. Ability to leam abstract O O O O O O
science
2. Ability to illustrate O O O O O O
abstract science concepts
3. Ability to identify O O O O O O
relationships in a set of data
4. Understanding how ideas
developed in lab relate to O  O  O  O  O O
other science classes
5. Ability to think through a O O O O O O
problem or argument
6. Confidence in your ability Q O O O O O
to do research
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7. Feeling comfortable with 
complex ideas o o o o o o
8. Enthusiasm for science o o o o o o
Q5. How much of the following do you think you will remember and carry with yoi 
into other classes or aspects of your life?
NA Not at all A little Somewhat A lot
A great 
deal
1. Ability to identify 
relationships in a set of data o O o o o o
2. Problem solving skills o o o o o o
3. Understanding chemistry 
concepts o o o o o o
4. Ability to identify a well 
designed research experiment o o o o o o
Additional Questions:
1. The structure of the labs encouraged me to develop a deep 
understanding of chemistry.
O  Strongly agree
O  Agree
O  Neutral
O  Disagree
O  Strongly disagree
2. The questions in the lab report helped me to recognize the skills 
needed to understand chemistry.
O  Strongly agree
O  Agree
O  Neutral
O Disagree
O  Strongly disagree
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3. The w ritten procedures in the lab activities were clear and easy to
follow.
O Very often 
O  Often 
O Sometimes 
O  A Little 
O  Never
4. Hands-on experimental work helped me to understand chemistry 
concepts.
O A great deal
O A fair amount
O Some
O  A little
O None
5. As a result of these lab activities, I am NOT more confident that I can 
solve problems in different disciplines.
O Strongly agree
O Agree
O Neutral
O Disagree
O Strongly disagree
6. The skills developed in lab will help me to be a more effective learner.
O Strongly agree 
O  Agree 
O  Neutral 
O  Disagree 
O  Strongly disagree
7. Additional comments.
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Treatment Group Instrument 
Instructions:
Check on value for each question on each scale. If the question is not applicable, 
check ‘NA’. You may add a comment for any item in the text box at the end of the 
survey.
Ql. How much did each of the following aspects of the class help your learning?
NA No help A little help
Moderate
help
Much
help
Very 
much help
A. The way in which the 
material was approached o o o o o o
C. The pace at which we 
worked o o o o o o
D. The class activities o o o o o o
1. Performing experiments o o o o o o
2. Interactions with the lab 
instructor (TA) during lab o o o o o o
3. Interactions with other 
students during lab o o o o o o
E. Tests, graded activities, 
and assignments NA No help
A little 
help
Moderate
help
Much
help
Very 
much help
1. Questions on the lab report 
that require data analysis o o o o o o
2. Questions on the lab report 
that require conclusions 
based on data
o o o o o o
3. Questions in the Expand 
Your Thinking section of the 
lab report
o o o o o o
4. Completing lab reports 
with a partner o o o o o o
5. Lab Quizzes o o o o o o
258
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6. The feedback we received 
on lab reports
7. The feedback we received 
on quizzes
G. The information we 
were given about
1. The procedures and 
materials discussed during 
pre-lab
2. The technique skills 
discussed during pre-lab
3. Guiding questions asked 
by the lab instructor (TA) 
during lab
H. Individual support as a 
learner
o
o
o 
o
NA No help
o o
o
o
1. The quality of contact with q  
the lab coordinator
2. The quality of contact with ^  
the lab instructor (TA)
3. Working with peers 
outside of lab
K. The way this class was 
taught overall
o
o
o
o
o
o
o
o
o
o
o
o
NA No help
o o
o
o
o
o
o
o
o
o
o
A little Moderate Much Very 
help help help much help
o
o
o
o
o
o
o
o
o
A little Moderate Much Very 
help help help much help
o
o
o
o
o
o
o
o
o
o
o
o
Q2. As a result of your work in this class, how well do you think that you now 
understand each of the following?
NA A little Somewhat A lot ^  greatall
1. The chemistry concepts 
explored in the lab
2. Particulate level 
interactions that describe 
macroscopic behavior
o o
o o
o
o
o
o
o
o
deal
o
o
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Q3. How much has this class added to your skills in each of the following?
NA Nothing A little Somewhat A lot
A great 
deal
1. Ability to classify objects O O O O O O
into different categories
2. Ability to identify types of q  q  q  q  O O
variables
3. Ability to control variables O O O O O O
in an experiment
4. Ability to identify
proportional relationships O  O  O  O  O  O
between variables
5. Ability to algebraically
manipulate proportional O  D  O  O  O  O
relationships between
variables
Q4. T what extent did you make gains in any of the following as a result of what 
you did i n  this class?
NA ^  little Somewhat A lotall deal
1. Ability to leam abstract O O O O O O
science
2. Ability to illustrate O O O O O O
abstract science concepts
3. Ability to identify O  O O O  O O
relationships in a set of data
4. Understanding how ideas
developed in lab relate to O  O  O  O  O  O
other science classes
5. Ability to think through a O O O O O O
problem or argument
6. Confidence in your ability Q  O O O O O
to do research
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7. Feeling comfortable with 
complex ideas o o o o o o
8. Enthusiasm for science o o o o o o
Q5. How much of the following do you think you will remember and carry with you 
into other classes or aspects of your life?
NA Not at all A little Somewhat A lot
A great 
deal
1. Ability to identify 
relationships in a set of data o O o o o o
2. Problem solving skills o O o o o o
3. Understanding chemistry 
concepts o O o o o o
4. Ability to identify a well 
designed research experiment o O o o o o
Additional Questions:
1. The structure of the labs encouraged me 
understanding of chemistry.
to develop a deep
O Strongly agree 
O Agree 
O Neutral 
O Disagree 
O Strongly disagree
2. The questions in the lab report helped me to recognize the skills 
needed to understand chemistry.
O Strongly agree
O Agree
O Neutral
O Disagree
O Strongly disagree
261
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3. The written procedures in the lab activities w e r e  clear and easy to 
follow.
O Very often 
O  Often 
O  Sometimes 
O  A Little 
O  Never
4. Hands-on experimental work helped me to understand chemistry 
concepts.
O A great deal
O A fair amount
O Some
O  A little
O None
5. As a result of these lab activities, I am NOT more confident that I can 
solve problems in different disciplines.
O Strongly agree
O Agree
O Neutral
O Disagree
O Strongly disagree
6. The skills developed in lab will help me to be a more effective learner.
O Strongly agree 
O  Agree 
O  Neutral 
O Disagree 
O Strongly disagree
7. Additional comments.
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Appendix F
Abstraction of Formal Reasoning from Context
Interview Forms
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Chemistry 161 Research Project
Students’ Problem-Solving Strategies
Date: Time:
Location:
Interviewee:
Interviewer:
Instructions:
The purpose of this research project will be to conduct a study of students’ problem 
solving strategies. You will be given a set of problems to complete. Answer each 
problem to the best of your ability and provide details of the steps used to solve the 
problem. Upon completion of the problems, you will be asked a series of questions 
about the strategies you used to solve the problems.
The interview will be audio-taped and transcribed. All data collected during the 
research project will be kept confidential. Your participation in the project will not 
affect your course grade. You may choose to withdraw from the study at any point 
during the interview. You will be paid an honorarium of $10 upon completion of the 
interview.
This research study has been approved by the University of Montana’s human subjects 
committee. If you have any questions about this research study after the interview, you 
can contact Kereen Monteyne (kereen.monteyne@umontana.edu; 243-4163) or Mark 
Cracolice (mark.cracolice@umontana.edu; 243-4475).
1 have read these instructions and agree to participate in the research project. 1 also agree 
to keep the content of the interview confidential until the end of the semester on May 14, 
2004.
Signed: Date:
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Chemistry 161 Research Project
Students’ Problem-Solving Strategies
Date: Time:
Interviewee:
Interviewer:
Thank you for participating in this research project. Your honorarium is enclosed. 
Please keep the content of this interview confidential until the end of the semester on 
May 14,2004.
The interview will be transcribed. All data collected during the research project will be 
kept confidential. Your participation in the project will not affect your course grade.
This research study has been approved by the University of Montana’s human subjects 
committee. If you have any questions about this research study after the interview, you 
can contact Kereen Monteyne (kereen.monteyne@umontana.edu; 243-4163) or Mark 
Cracolice (mark.cracolice@umontana.edu; 243-4475).
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Chemistry 161 Research Project
Students’ Problem-Solving Strategies
Date: Time:
Interviewee:
Subject Code:
lIlllillliiSiM il
You will be given a set of problems to solve. Please complete each problem to the best 
of your ability. Provide details of the steps you used to solve the problem. Any 
materials you require to solve the problem will be provided.
Problem Number Problem Code Solution
1 GC-Al
2 GC-A2
3 SC-Al
4 SC-A2
5 GC-Bl
6 GC-B2
7 SC-Bl
8 SC-B2
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Chemistiy 161 Research Project 
Students’ Problem-Solving Strategies 
GROUPING EXERCISE
Subject Code:
Consider the group of objects below. Separate the objects into different categories and 
describe the common characteristic shared by the problems placed in each category.
Solution # 1
□ O
A
Solution # 2
A O
Solution #3
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Chemistry 161 Research Project 
Students’ Problem-Solving Strategies 
STRATEGY EXERCISE
Subject Code:
Consider the balance beam and set of weights below. The balance beam is suspended 
by a metal loop at the pivot point. On each side of the pivot point are six wells that will 
hold a weight. The number on the weights represent their relative magnitude (e.g., a 4- 
weight is twice as heavy as a 2-weight).
w  w W  W w
- - ---
c
- - - - - -
w
i \ o o o < Lp o o  a) O O O 'U b O O X
w
f c o i i o c
c
!D O O  d> o t f c o o > io 'o \
O ' db q o q O o q
Question: Where would the the 1-weight and the 6-weight be placed on the balance 
beam using the new strategy?
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Chemistry 161 Research Project
Students’ Problem-Solving Strategies
Subject Code:
I will ask you a series of questions about the problems you have solved. In the first 
question, you will form separate categories from the entire group of problems and 
describe the common characteristic shared by problems placed in a particular category. 
As an example, consider the following grouping exercise.
GROUPING EXERCISE
The goal of this exercise to separate the collection of objects shown in the top box into 
separate categories and to describe the common characteristic shared by objects placed 
in a particular category.
Solution #1 shows the separation of the collection of objects into two categories. The 
category on the left is composed of objects that are black. The category on the right is 
composed of objects that are white.
Solution #2 shows the separation of the collection of objects into three categories.
Question: What is the common characteristic shared by the set of objects placed into 
the category on the left?
Response:
Question: What is the common characteristic shared by the set of objects placed into 
the category in the middle?
Response:
Question: What is the common characteristic shared by the set of objects placed into 
the category on the right?
Response:
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Subject Code:
Question: Propose another way to separate the collection of objects in the top row into 
separate categories. Describe the common characteristic shared by objects placed into 
the same category.
Response:
Leading questions will be used if the interviewee does not correctly describe the 
common characteristic shared by objects placed into the same category.
Leading Question #1: What is the difference between a triangle and a square? 
Response:
Leading Question #2: What is the difference between a square and a pentagon? 
Response:
Leading Question #3: How would you tell a child to draw a square? 
Response:
Question: Do you understand how a collection of objects can be separated into 
different categories?
Response:
STRUCTURE PROBE
I will now ask you some questions about the problems you have solved.
Question: Consider the set of problems you have solved. Separate the problems into 
different categories.
Observed Categories:
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Subject Code:
Question: What is the common characteristic shared hy problems (state numbers) 
placed into this category?
Response:
Question: What is the common characteristic shared by problems (state numbers) 
placed into this category?
Response:
Question: What is the common characteristic shared by problems (state numbers) 
placed into this category?
Response:
I will now ask you a series of questions about the strategies you used to solve the 
problems. As an example of strategy use, consider the following exercise.
STRATEGY EXERCISE
The goal of this exercise to examine the strategy used to balance weights placed on a 
balance beam. The balance beam and the set of weights are shown in the top box. The 
number on the weights represent their relative magnitude (e.g., a 4-weight is twice as 
heavy as a 2-weight). When weights are placed in the wells on the beam, it pivots 
around the center point which is suspended by a metal loop. There are six wells on 
each side of the center pivot point.
A strategy that can be used to balance weights on the beam can be described as 
follows.
Strategy: Place the weights in the wells at certain distances from the pivot point 
according to the relative heaviness of each weight. Heavier weights are placed farther 
away from the pivot point than lighter weights.
For example, the 4-weight would he placed in the 4* well away from the pivot point 
and the 3-weight would be placed in the well away from the pivot point. The left 
figure in the second row shows the use of this strategy to place weights on the balance 
beam. As can be seen in the figure, the use of this strategy did not result in a balanced 
beam. The right figure in the second row shows the correct placement of the two 
weights in order to balance the beam.
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Subject Code:
This strategy was used again to place a 2-weight and a 5-weight. The 2-weight was
placed in the 2”̂  well away from the pivot point, and the 5-weight was placed in the 5 
well away from the pivot point. The result of the use of this strategy is shown in the 
left figure of row three. As previously, the use of this strategy did not result in a 
balanced beam. The right figure in the third row shows the correct placement of the 
two weights in order to balance the beam.
The current strategy used to place weights on the balance beam does not work. When 
the right figures in the second and third rows (balanced beams) are examined, a new 
strategy is discovered.
New Strategy: Place each weight in a well at a certain distance from the pivot point 
according to the relative heaviness of the other weight. Heavier weights are placed 
closer to the pivot point than lighter weights.
For example, the right figure in the second row shows a balanced beam for the 3- 
weight and the 4-weight. The 4-weight was placed in the 3"̂  ̂well away from the pivot 
point and the 3-weight was placed in the 4* well away from the pivot point.
The new strategy was used to place a 2-weight and a 3-weight on the balance beam. 
The 2-weight was placed in the 3'̂ '* well away from the pivot point, and the 3-weight 
was placed in the 2"‘* well away from the pivot point. The figure in the fourth row 
shows the use of this strategy. This strategy was successful as it resulted in a balanced 
beam.
Question; Where would the 1-weight and the 6-weight be placed on the balance beam 
using the new strategy?
Response:
th
Leading questions will be used if  the interviewee does not correctly use the new 
strategy.
Leading Question #1: How does the distance of the 3-weight away from the pivot point 
compare to the distance of the 4-weight away from the pivot point? (for the right figure 
in the second row)
Response:
Leading Question #2; How does the distance of the 5-weight away from the pivot point 
compare to the distance of the 2-weight away from the pivot point? (for the right figure 
in the third row)
Response:
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Subject Code:
Question: Do you understand the meaning of the term strategy and how different 
strategies can be used to solve a problem?
Response:
STRATEGY PROBE
I will now ask you some questions about the strategies used to solve the problems you 
placed into different categories.
Question: What strategy did you use to solve the problems (state numbers) placed into 
this category?
Response:
Question: What strategy did you use to solve the problems (state numbers) placed into 
this category?
Response:
Question: What strategy did you use to solve the problems (state numbers) placed into 
this category?
Response:
Question: Is the strategy used to solve the problems in this category similar to the 
strategy used to solve problems in another category?
Response:
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Subject Code:
Question: Is there a common strategy that can be used to solve all of the problems? 
Response:
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Science Context
Problem SC-Al
4 atoms of an unknown element have a mass of 64.0 amu. How many atoms are in a 
sample that weighs 96.0 amu?
Problem SC-A2
2.0 moles of an unknown substance has a mass of 32.0 grams. How much will 7.0 moles 
of the substance weigh?
Problem SC-Bl
The combustion of ethane gas, CiHeCg), is represented in the following thermochemical 
equation. How many moles of ethane are consumed if 285.5 kJ of energy is released in a 
combustion reaction?
2 C2H6(g) + 7 02(g) 4C02(g) + 6H20(g) + 2855 kJ
Problem SC-B2
The thermochemical equations for methane and propane are provided below. Which fuel 
releases the most energy per mol of oxygen consumed in the combustion reaction?
CH4(g) + 2 02(g) C02(g) + 2H20(g) + 802 kJ
C3Hg(g) + 5 02(g) -> 3 002(g) + 4H20(g) + 2044 kJ
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General Context
Problem GC-Al
Each can of latex paint covers 360 square feet. How many cans of paint will be required 
to paint 1080 square feet?
Problem GC-A2
A lumber company donated a truck load of wood to the local animal shelter which was 
used to construct 24 doghouses. How many truck loads of wood would be needed to 
construct 144 doghouses?
Problem GC-Bl
A rental company charges $13.50 for renting six chairs. If 72 guests are invited to an 
anniversary party, what is the cost of renting the chairs?
Problem GC-B2
A couple was ordering wedding invitations at a local shop. The price quoted in the 
catalog was twenty-five dollars for each set of 50 invitations. The proprietor of the shop 
decided to give an early wedding gift to the couple. After the first 100 invitations, he 
would sell them for five dollars for per set of 10 invitations. Did the couple save any 
money on the cost of 300 invitations?
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Subject Code: Problem Number: 1
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
A can of latex paint covers 360 square feet. How many cans of paint will be required to 
paint 1080 square feet?
Solution:
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Subject Code: Problem Number: 2
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Amy materials you require to solve the problem will be 
provided.
Problem:
A lumber company donated a truck load of wood to the local animal shelter which was 
used to construct 24 doghouses. How many truck loads of wood would be needed to 
construct 144 doghouses?
Solution:
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Subject Code: Problem Number: 3
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
4 atoms of an unknown element have a mass of 64.0 amu. How many atoms are in a 
sample that weighs 96.0 amu?
Solution:
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Subject Code: Problem Number: 4
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
2.0 moles of an unknown substance has a mass of 32.0 grams. How much will 7.0 
moles of the substance weigh?
Solution:
280
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Subject Code; Problem Number: 5
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
A rental company charges $13.50 for renting six chairs. If 72 guests are invited to an 
anniversary party, what is the cost of renting the chairs?
Solution:
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Subject Code: Problem Number: 6
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
A couple was ordering wedding invitations at a local shop. The price quoted in the 
catalog was twenty-five dollars for each set of 50 invitations. The proprietor of the 
shop decided to give an early wedding gift to the couple. After the first 100 invitations, 
he would sell them for five dollars for per set of 10 invitations. Did the couple save any 
money on the cost of 300 invitations?
Solution:
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Subject Code: Problem Number: 7
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
The combustion of ethane gas, CaHeCg), is represented in the following 
thermochemical equation. How many moles of ethane are consumed if 285.5 kJ of 
energy is released in a combustion reaction?
2 C2H6(g) + 7 02(g) ^  4C02(g) + 6H20(g) + 2855 kJ
Solution:
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Subject Code: Problem Number: 8
Instructions:
Answer the following problem to the best of your ability. Provide details of the steps 
you used to solve the problem. Any materials you require to solve the problem will be 
provided.
Problem:
The thermochemical equations for methane and propane are provided below. Which 
fuel releases the most energy per mol of oxygen consumed in the combustion reaction?
CH4(g) + 2 02(g) 
CsHsCg) + 5 02(g) -
 ̂ 002(g) + 2 H20(g) + 802 kJ 
3 002(g) + 4 H20(g) + 2044 kJ
Solution:
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Appendix G
Coding Schemes
Mid-term Exams Laboratory Questions 
Laboratory Quiz Questions
Original and Collapsed Coding Schemes
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Exam 1 Laboratory Question
February 19, 2004
Objective 1: Describe the accuracy and precision of each person’s game shown below. 
Target: Concept (accuracy and precision)
Responses to this question were not coded.
Objective 2: Did more people play the game precisely than play the game accurately? 
Explain your reasoning.
Target: Reasoning (classification)
Responses to this question were not coded.
Objective 3: Did more people play the game accurately but not precisely than play the 
game accurately? Explain your reasoning.
Target: Reasoning (classification)
Responses to this question were coded.
Classification Schemes
The following illustrates potential classification schemes to separate the set of games 
based on accuracy and precision into different classes. The first scheme uses the two 
attributes of accuracy and precision to form superordinate and subordinate classes. Use 
of this scheme shows evidence of hierarchical classification abilities. The final two 
schemes use only a single attribute to form subordinate classes. Use of these schemes 
shows evidence of horizontal classification abilities.
Hierarchical Classification
Accurate and Precise games Accurate and Imprecise games
Accurate games inaccurate Games 
Ted, Sara Jammy
inaccurate and Precise games Inararate and Imprecise games 
Ted, Tammy
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Horizontal Classification
tarategames Precise games 
Sara, Sam
Coding Scheme for Exam 1 Objective 3 
Level Attributes Example
Evidence of use of a bierarcbical 
classification scheme 
Comparison of group membership in 
superordinate {A} and subordinate {A, 
NP} classes
Compares classes {A} and {A, 
NP}
Evidence of use of a bierarcbical 
classification scheme 
Comparison of group membership in 
superordinate and subordinate classes 
(other than {A} and {A, NP}) 
Comparison of group membership in 
subordinate classes
Compares classes {A, P} and {A, 
NP}
Compares classes {A} and {A,P}
No evidence of use of a bierarcbical 
classification scheme 
Evidence of use of horizontal 
classification schemes 
Comparison of group membership in 
subordinate classes
Compares classes {A} and {P} 
Compares classes {A} and {NA}
No comparison of group membership in States membership in a class
different classes Unrelated response
Response is not related to question
NA • No response
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Collapsed Coding Scheme for Exam 1 Objective 3
New Level Original Level
2 3
1 2
0 1,0, NA
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Exam 2 Lab Question
March 11,2004
Objective 1: What effects the amount of white solid formed in experiment 1?
Target: Reasoning (Identifying Variables: independent variable)
Responses to this question were coded.
Objective 2: What effects the amount of white solid formed in experiment 2?
Target: Reasoning (Identifying Variables: independent variable)
Responses to this question were not coded.
Objective 3: Describe an experiment using the reactants from the second experiment 
that the student could perform to determine what effects the amount of white 
solid that is formed. Identify the variables and describe how they will be 
measured in the experiment.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were coded.
Objective 4: What is the limiting reactant in the experiment you designed? Explain 
your reasoning.
Target: Concept (Limiting Reagent)
Responses to this question were not coded.
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Coding Scheme for Exam 2 Objective 1
Level Attributes Example
3 ■ Reference to a manipulated 
variable (systematic relationship 
between variables)
■ Identifies correct independent 
variable
Amount o f  NaHCOs
2 ■ Reference to a manipulated 
variable (systematic relationship 
between variables)
■ Identifies correct independent 
variable plus another variable
■ Identifies other variable
Amount o f  NaHCOs and length 
of time heated in crucible
1 ■ No reference to a manipulated 
variable
■ Proposes hypothesis to explain 
decrease in mass of sample
Heating the sample released a gas 
which caused the mass to 
decrease
0 ■ No reference to a manipulated 
variable
■ No hypothesis
■ Response is not related to question
Heating the sample 
Unrelated response
NA ■ No response
Collapsed Coding Scheme for Exam 2 Objective 1
New Level Original Level
2 3
1 2
0 1,0, NA
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Coding Scheme for Exam 2 Objective 3
Level Attributes Example
Complete design with manipulated 
variable and controlled variable 
Correct use of scientific vocabulary 
(independent variable, dependent 
variable)
Complete design with manipulated 
variable and controlled variable 
Incorrect use of scientific 
vocabulary (independent variable, 
dependent variable)
Use different amount of 
potassium in the same amount of 
water; isolate the white solid that 
is formed. The amount of 
potassium is the independent 
variable, and the amount of white 
solid is the dependent variable.
Use different amount of 
potassium in the same amount of 
water; isolate the white solid that 
is formed. The amount of 
potassium and water are the 
independent variables.
Complete design with manipulated 
variable and controlled variable 
No use of scientific vocabulary
Incomplete design (variable not 
manipulated and/or not controlled)
0 ■ Unrelated response
Use different amount of 
potassium in the same amount of 
water; isolate the white solid that 
is formed.
Place potassium in water.
Heat magnesium in a crucible.
NA No response
Collapsed Coding Scheme for Exam 2 Objective 3 
New Level Original Level
1
0
4 ,3 ,2  
1,0, NA
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Exam 3 Lab Question
April 8,2004
Objective 1: Is the mass of the 2.0 mL sample from solution #1 (greater than, less than, 
or equal to) the mass of the 2.0 mL sample from solution #2? Explain your 
reasoning.
Target: Concept (Density)
Responses to this question were not coded.
Objective 2: Design an experiment which compares the density (g per mL) of different 
saturated salt solutions. Clearly describe the amounts of each substance you 
will use and the procedural steps you will perform to complete this experiment. 
Explain your reasoning.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were coded.
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Coding Scheme for Exam 3 Objective 2
Level Attributes Example
4 ■ Manipulated type of salt 
(independent variable)
■ Prepared saturated solutions 
(control variable)
■ Measured density of solution 
(dependent variable)
Added water to separate beakers. 
Added salt until solution was 
saturated. Measured out X mL of 
each solution and weighed. 
Calculated density of solution as 
g/ X mL.
3 ■ Manipulated type of salt 
(independent variable)
■ Prepared saturated solutions 
(control variable)
■ Measured mass of solution
Added water to separate beakers. 
Added salt until solution was 
saturated. Measured out X mL of 
each solution and weighed.
2 ■ Manipulated type of salt 
(independent variable)
■ Did not prepare saturated solutions 
(control variable)
■ Measured density of solution 
(dependent variable)
Added X mL water to separate 
beakers. Added X g of salt to each 
beaker. Measured out X mL of 
each solution and weighed. 
Calculated density of solution as 
g/XmL.
1 ■ Manipulated type of salt 
(independent variable)
■ Did not prepare saturated solutions 
(control variable)
■ Measured mass of solution
Added X mL water to separate 
beakers. Added X g of salt to each 
beaker. Measured out X mL of 
each solution and weighed.
0 ■ Incorrect variables (manipulated 
mass of salt)
■ Incomplete design
■ Unrelated response
Measured out X, Y, and Z grams 
of salt. Added to X mL of water 
in a beaker. Weighed beakers and 
compared.
NA ■ No response
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Collapsed Coding Scheme for Exam 3 Objective 2
New Level Original Level
2 4,3
1 2,1
0,NA 0
294
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Exam 4 Lab Question
April 29, 2004
Objective 1: Which metal would release the most gas if a 0.30 gram sample was 
reacted? Explain your reasoning.
Target: Reasoning (Proportional Relationships: compare ratios)
Responses to this question were coded.
Objective 2: Design Illustrate the relationship between moles of metal and moles of gas 
on the graph below. What is (are) the numerical value(s) for the slope(s) on 
your graph? Be sure to clearly label your graph. Explain your reasoning.
Target: Reasoning (Proportional Relationships: identify proportional relationship) 
Target: Concept (Connection between symbolic and algebraic representations) 
Responses to this question were coded.
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Coding Scheme for Exam 4 Objective 1
Level Attributes Example
Explicit comparison of ratios (mL 
gas/ gram metal)
May use ratio to compute volumes 
of gas for given mass of metal
No explicit comparison of ratios 
Use of ratio to compute volumes of 
gas for given mass of metal
No comparison of or use of ratios 
Use of data to extrapolate volumes 
of gas for given mass of metal
No comparison of or use of ratios 
No extrapolation of data to compare 
values
Incomplete comparison
0.30 grams of magnesium would 
release more gas because it has a 
larger volume to mass ratio at 
920 mL/g than sodium at 487
mL/g.
0.30 g (920 mL/g) 
Mg
276 mL for
0.30 g (487 mL/g) = 146 mL for 
Na
0.10 grams of Mg released 92 
mL, so threes times that (0.30 g) 
will release 276 mL. Half of 0.60 
grams of Na will release half as 
much gas, 292/2 = 146 mL.
Sodium released more gas for 
each sample.
NA
■ Unrelated response
■ No response
Collapsed Coding Scheme for Exam 4 Objective 1
New Level Original Level
3 4
2 3
1 2
0 1,0, NA
296
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Coding Scheme for Exam 4 Objective 2
Level Attributes
4 ■ Determines different values for
slopes
■ Use of or reference to chemical 
equation to determine slope
Example
From the chemical equations, the 
slope (moles gas/moles metal) is 
1 for magnesium and 0.5 for 
sodium.
Determines different values for 
slopes
No reference to chemical equation 
to determine slopes 
Use of data to calculate moles of 
metal and moles of gas to 
determine slopes
0.10 g Mg / 24.31 g/mol = 0.0041 
moles
Determines different values for 
slopes
No reference to chemical equation 
to determine slopes 
Use of data to compute slope as 
mL/g or g/mL
Slope for Mg is 920 mL/g and for 
Na is 487 mL/g.
Determines same value for slopes 
Reference to a proportional 
relationship between mass of metal 
and volume of gas
The amount of gas increases as 
the amoimt of metal increases.
Incomplete response 
Unrelated response
NA No response
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Collapsed Coding Scheme for Exam 4 Objective 2
New Level Original Level
2 4
1 3
0 2, 1,0, NA
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Qu k  1 
Febraary 13, 2004
Objective 1: Is there a relationship between the observations of each substance and its 
location on the periodic table? Explain your reasoning.
Target: Concept (Properties of Substances)
Responses to this question were not coded.
Objective 2: Order the terms from specific to general by placing each into one of the 
ovals below.
Target: Concept (Hierarchical organization of matter)
Responses to this question were coded.
Grouping Scheme for Quiz 1 Objective 2 
Group Term(s)
A Matter
B Pure Substance, Mixture
C Element, Compound
D Iron, Chlorine, Nickel bromide. Sulfur dioxide
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Coding Scheme for Quiz 1 Objective 2
Level Attributes Example
Terms are ordered from highest to 
lowest from group A to group D 
No terms from any group are 
located on the same level (same 
oval) as terms from another group
(Matter) -> (Pure Substance, 
Mixture) -»  (Element, 
Compound) (Iron, Chlorine, 
Nickel bromide. Sulfur dioxide)
Terms are ordered from highest to 
lowest from group A to group B 
No terms from group A are located 
on the same level (same oval) as 
terms from group B 
Some terms from group C and D 
are located on the same level or 
terms from group D are located on 
a higher level than terms from 
group C
(Matter) -»  (Pure Substance, 
Mixture) -> (Element, Iron, 
Chlorine) (Compound, Sulfur 
dioxide, Nickel bromide)
Term from group A is at the highest (Matter) -»  (Pure Substance,
level
Some terms from group B are 
located on the same level with 
terms from groups C or D or terms 
from groups C or D are located on 
a higher level than terms from 
group B
Iron,) —> (Element, Chlorine) —> 
(Mixture, Compound, Sulfur 
dioxide. Nickel bromide)
Term from group A is located on 
the same level with terms from 
groups B, C, or D or terms from 
groups B, C, or D are loeated on a 
higher level than the term from 
group A
(Matter, Pure Substance) -» 
(Element, Iron, Chlorine) -> 
(Mixture, Compound, Sulfur 
dioxide. Nickel bromide)
Incomplete response (fewer than 
nine terms are placed)
Unrelated response
Matter) (Pure Substance) 
(Element, Compound, Iron, 
Sulfur dioxide)
NA No response
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Collapsed Coding Scheme for Quiz 1 Objective 2
New Level Original Level
1 4,3
0 2, 1,0, NA
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Quiz 2
February 27, 2004
Objective 1: Are all of the poisonous substances gases? Explain.
Target: Reasoning (classification: hierarchical classification and multiple class 
membership)
Responses to this question were not coded.
Objective 2: Are there more liquid substances than colorless liquid substances? 
Explain.
Target: Reasoning (classification: hierarchical classification and class inclusion) 
Responses to this question were coded.
Objective 3: Describe an alternate sorting scheme that can be used based on the data 
collected by the student.
Target: Reasoning (classification: hierarchical classification and class inclusion) 
Responses to this question were coded.
Objective 4: Describe the similarities between the two experiments in the procedure 
and observations noted by the student.
Target: Reasoning (Identifying variables: qualitative and quantitative variables) 
Responses to this question were not coded.
Objective 5: Describe the differences between the two experiments in the procedure 
and observations noted by the student.
Target: Reasoning (Identifying variables: qualitative and quantitative variables) 
Responses to this question were not coded.
Objective 6: Can the two reactions investigated by the student be classified as the same 
type of reaction? Explain your reasoning.
Target: Concept (Types of reactions)
Responses to this question were not coded.
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Classification Schemes
The following illustrates potential classification schemes to separate the set of 
substances based on phase and color. The first two schemes use the two attributes of 
phase and color to form superordinate and subordinate classes. Use of this scheme 
shows evidence of hierarchical classification abilities. The final two schemes use only 
a single attribute to form subordinate classes. Use of these schemes shows evidence of 
horizontal classification abilities.
Hierarchical Classification
SetofisubslancK
: (Lbliquidsubstances :
bromine, mercû, hydrochloric acid
1
{L,Cj: Colored liquid substances |L,NCj: Colorless liquid substances
bromine,mercury hydrochloric acid
INI.): Non-liquid sub̂nces 
phosphorous, carbon nBnosde, magnesium 
adium chloride, chlorine
1NL,C):
Colored non-liquid substances
|t,NC):
Colorless non-liquid substances
{LjiSetofalllpdsubstartces 
bw,fflerciiiy,fiydrocWcacid
iifdrocWoricactd
Horizontal Classification
Seiolallsubslaiices Set ot all substances
{NS): Non-solid substances{!): Non-liquid substances
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Coding Scheme for Quiz 2 Objective 2
Level Attributes Example
3 ■ Evidence of use of a hierarchical Compares classes {L} and (L,
classification scheme 
■ Comparison of group membership in 
superordinate {L} and subordinate {L, 
NC} classes
NC}
2 ■ Evidence of use of a hierarchical Compares classes {L, C} and {L,
classification scheme 
■ Comparison of group membership in
NC}
superordinate and subordinate classes 
(other than {L} and {L, NC})
■ Comparison of group membership in 
subordinate classes
Compares classes {L} and {L, C}
1 ■ No evidence of use of a hierarchical 
classification scheme
Compares classes {L} and {NL}
■ Evidence of use of horizontal 
classification schemes
■ Comparison of group membership in 
subordinate classes
Compares classes {L} and {S}
0 ■ No comparison of group membership in 
different classes
States membership in a class
■ Response is not related to question Unrelated response
NA ■ No response
Collapsed Coding Scheme for Quiz 2 Objective 2
New Level Original Level
2 3
1 2
0 1,0, NA
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Coding Scheme for Quiz 2 Objective 3
Level Attributes Example
Use of characteristic that is described Sort based on physical state;
for all substances to sort the substances solid, liquid, or gas.
into categories
■ Use of characteristic that is described 
for all substances to sort the substances 
into categories
■ Use of characteristic that is not 
described for all substances to sort the 
substances into categories
Sort based on physical state; 
solid, liquid, or gas.
Sort based on whether substances 
are poisonous or not poisonous.
Use of characteristic that is not 
described for all substances to sort the 
substances into categories 
Response is not related to question
Sort based on whether substances 
are poisonous or not poisonous.
Unrelated response
NA ■ No response
Collapsed Coding Scheme for Quiz 2 Objective 3
New Level Original Level
2 2
1 1
0 0,NA
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Quiz: 3
March 5,2004
Objective 1: Draw a particulate-level representation of the result of the reaction if a 
chemical change had occurred. Explain your reasoning.
Target: Concept (Chemical change)
Responses to this question were not coded.
Objective 2: Draw a particulate-level representation of the result of the reaction is a 
physical change had occurred. Explain your reasoning.
Target: Concept (Physical change)
Responses to this question were not coded.
Objective 3: What effects the outcome variable amount of precipitate in the reaction? 
Target: Reasoning (Identifying Variables: independent variable)
Responses to this question were not coded.
Objective 4: Suggest an experiment the student could perform to see whether different 
amounts of precipitate are produced.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were not coded.
Objective 5: What other relationships between two variables could the student
investigate in this experiment? Suggest at least four relationships the student 
could investigate.
Target: Reasoning (Identifying variables: independent and dependent variables) 
Responses to this question were coded.
Objective 6: How would the student’s observations change if she kept adding pieces of 
calcium into a given volume of water? Explain your reasoning.
Target: Concept (Limiting Reagent)
Responses to this question were coded.
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Relationships between Variables
The following provides examples of variables which can be investigated in an 
experiment to determine possible relationships. Each experiment should link a 
manipulateable variable (independent variable) with a measurable variable (dependent 
variable).
Variables that can be manipulated Variables that can be measured
(independent variable) (dependent variable)
.  ̂ jy % ■ Amount of precipitateAmount of calcium . :  r-.  ̂ ry Amount of gasAmount of water . , ® , .™ ~ Amount of temperature change during reactionTemperature or water r. . x-^ Rate of reaction
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Coding Scheme for Quiz 3 Objective 5
Level Attributes Example
Proposes four or more correct two- 
variable relationships (IV-DV) 
Proposes no incorrect two-variable 
relationships
Does not state one variable (non- 
relationship)
Proposes correct two-variable 
relationships (IV-DV)
Proposes incorrect two-variables 
relationships
May state one variable (non­
relationship)
Proposes more correct than 
incorrect/non relationships
Amount of Ca effects amount of 
precipitate 
Amoxmt of Ca effects amount of 
gas released 
Amount of H2O effects amount 
of precipitate 
Amount of Ca effects amount of 
AT
Amount of Ca effects amount of 
precipitate 
Amount of Ca effects amount of 
gas released 
Amount of gas released effects 
amount of precipitate 
Temperature increase
Proposes correct two-variable 
relationships (IV-DV)
Proposes incorrect two-variable 
relationships
May state one variable (non- 
relationship)
Proposes equal/more incorrect/non than 
correct relationships
Amount of gas released effects 
amount of precipitate 
Amount of gas released effects 
amount of AT 
Temperature increase 
Amount of Ca effects amount of 
precipitate
Proposes incorrect two-variable 
relationships
May state one variable (non­
relationship)
Amount of gas released effects 
amount of precipitate 
Temperature increase
No evidence of a two-variable 
relationships
States one variable (non-relationship) 
Unrelated response
Amount of precipitate 
Temperature increase
NA ■ No response
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Collapsed Coding Scheme for Quiz 3 Objective 5
New Level Original Level
2 4
1 3,2
0 1,0, NA
Coding Scheme for Quiz 3 Objective 6
Level Attributes Example
3 ■ Recognizes that reaction will become 
limited by water
■ Correct use of limiting reactant term
Adding more calcium will 
eventually not produce 
precipitate, temperature increase, 
or gas because water becomes the 
limiting reactant.
2 ■ Recognizes that reaction will become 
limited
■ Incorrect or no use of limiting reactant 
term
The reaction stops because the 
water was all used up.
1 ■ Does not recognize reaction will 
become limited
More precipitate, gas, and 
temperature increases will occur.
0 ■ Unrelated response
NA ■ No response
Collapsed Coding Scheme for Quiz 3 Objective 6 
New Level Original Level
1
0
3,2 
1,0, NA
309
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Q iik  4 
March 19, 2004
Objective 1: Identify the limiting reactant(s) for each outcome and explain your 
reasoning.
Target: Concept (Limiting Reagent)
Responses to this question were not coded.
Objective 2: Will Student X find the same relationship between mass of precipitate and 
mass of copper(II) chloride as in his first experiment? Explain your reasoning. 
Target; Reasoning (Identifying Variables, Control of Variables)
Responses to this question were not coded.
Objective 3: How would you change Student Z’s procedure such that she can determine 
the relationship between mass of precipitate and mass of copper(II) chloride? 
Describe each change you will make and explain your reasoning.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were coded.
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Coding Scheme for Quiz 4 Objective 3
Level Attributes Example
4 ■ Controls the value of the 
confounding variable
The amount (volume) of sodium 
bicarbonate must be held at a 
constant value.
3 ■ Controls of the value of the 
confounding variable
■ Controls the value of other non­
confounding variable(s)
The amount (volume) of sodium 
bicarbonate must be held at a 
constant value.
The volume of water must be held 
at a constant value.
2 ■ Does not control the value of the 
confounding variable
■ May control the value of other non­
confounding variables
The volume of water must be held 
at a constant value.
1 ■ Controls the value of the 
independent variable
■ May control the value of the 
confounding variable
■ May control the value of other non­
confounding variables
Use the same mass of copper(II) 
chloride in all samples.
The volume of water must be held 
at a constant value.
0 ■ Unrelated response Filter off and weigh the precipitate.
NA ■ No response
Collapsed Coding Scheme for Quiz 4 Objective 3 
New Level Original Level
1
0
4,3 
2, 1,0, NA
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Quiz 5
March 26, 2004
Objective 1: Draw a particulate-level representation in the boxes below of the species that 
exist in a small volume of each solution. Explain your reasoning.
Target: Concept (Density)
Responses to this question were coded.
Objective 2: Describe an experiment the student could perform that will give him data on 
Maalox that he can compare to his Tums data in order to determine which antacid 
is more effective in neutralizing acid. Clearly describe the procedure and the 
amounts of reactants he should use. Explain your reasoning.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were not coded.
Objective 3: How What potential problems with the experimental design using Maalox 
could prevent the student from comparing the effectiveness of the two antacids? 
Describe the problems and explain your reasoning.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were not coded.
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Coding Scheme for Quiz 5 Objective 1
Level Attributes Example
3 H Both pictures contain (nearly) the Each small volume will have the
same number of sugar and water same amount of sugar as both
molecules solutions are saturated.
a Recognizes both solutions have
same density
m Makes a comparison between the
two solutions
2 m Solution 2 has more sugar molecules Solution 2 has more water so it will
than solution 1 take more sugar to saturate.
a Does not recognize that both
solutions have same density
a Makes a comparison between the
two solutions
1 B Solution 1 has more sugar molecules Solution 1 has less water so there is
than solution 2 less space between the sugar
B Does not recognize that both molecules.
solutions have same density
s Makes a comparison between the
two solutions
0 u Does not make a comparison The sugar is dissolved in the water.
between the two solutions
B No explanation offered for the
pictures drawn
m Unrelated response
NA m No response
Collapsed Coding Scheme for Quiz 5 Objective 1
New Level Original Level
2 3
1 2,1
0 0,NA
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Quk6 
April 16, 2004
Objective 1: Does this experiment provide conclusive evidence that magnesium sulfate 
has a more exothermic dissolution reaction than iron(II) sulfate? Explain your 
reasoning.
Target: Reasoning (Identifying Variables, Control of Variables)
Responses to this question were not coded.
Objective 2: How much water would be removed from a 1.74 gram sample of the 
unknown hydrate if it were heated using the same procedure? Explain your 
reasoning.
Target: Reasoning (Proportional Relationships: Identify and use constant ratio) 
Responses to this question were coded.
Objective 3: Should additional heat-cool-weigh cycles been performed by the student 
to complete the dehydration reaction? Explain your reasoning.
Target: Reasoning (Proportional Relationships: compare ratios)
Responses to this question were coded.
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Coding Scheme for Quiz 6 Objective 2
Level Attributes Example
3
■ Multiplicative strategy
■ Identifies pattem of a constant ratio 
in data
■ Correctly uses ratio to calculate 
new value
The amoimt of water lost is 
always 1/3 the mass of the 
original hydrate.
2
■ Building-up strategy
■ Identifies a pattem (a ratio) in data
■ Uses addition to extend ratio seen 
in data
Each additional 0.3 grams of 
hydrate lost 0.1 grams of water. 
An increase from 1.50 grams to 
1.80 grams of hydrate should find 
an increase from 0.50 + 0.10 -  
0.60 grams of water lost.
1
■ Does not see ratio pattem in data
■ Uses of incorrect strategy (e.g., 
difference between values)
The mass of water increased by 
0.1 grams, then by 0.2 grams. It 
should increase by 0.3 grams in 
next sample.
0
■ Does not see any pattem in data
■ No evidence of strategy use
■ Unrelated response
The amount of water lost cannot 
be determined.
NA ■ No response
Collapsed Coding Scheme for Quiz 6 Objective 2
New Level Original Level
2 3
1 2
0 1, 0, NA
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Coding Scheme for Quiz 6 Objective 3
Level Attributes Example
Reference to or use of ratio 
Comparison of ratios between 
samples
No reference to or use of ratio 
Comparison of values between 
samples
No reference to or use of ratio 
No comparison of values between 
samples
States experiment is incomplete
The ratio of mass of water to mass 
of hydrate should be 33%. It is 
only 24% in this sample. 1.25 
grams of hydrate should produce 
0.42 grams of water.
0.90 grams of hydrate in the 
previous experiment lost 0.30 
grams of water. It is expected that 
a 1.25 gram sample of hydrate 
would lose more than 0.30 grams 
of water.
More heating should be done until 
two samples differ by less than 
0.001 grams.
■ Unrelated response
NA ■ No response
Water is released when the 
hydrate is heated.
Collapsed Coding Scheme for Quiz 6 Objective 3
New Level Original Level
2 3
1 2
0 1,0, NA
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Q uk 7 
April 30,2004
Objective 1: Use the graph provided below to illustrate the relationship between
pressure and number of moles of helium for the three experiments. Be sure to 
clearly label your graph.
Target: Reasoning (Proportional Relationships: identify proportional relationship, 
compare ratios)
Target: Concept (Properties of Ideal Gas)
Responses to this question were coded.
Objective 2: What is happening at the particulate level that explains the relationship 
shown on your graph?
Target: Concept (Properties of Ideal Gas)
Target: Concept (Connection between particulate and mathematical relationships) 
Responses to this question were not coded.
Objective 3: Use the graph provided below to illustrate the relationship between
pressure and number of moles of helium for the three experiments. Be sure to 
clearly label your graph.
Target: Reasoning (Proportional Relationships: identify proportional relationship, 
compare ratios)
Target: Concept (Properties of Ideal Gas)
Responses to this question were coded.
Objective 4: What is happening at the particulate level that explains the relationship 
shown on your graph?
Target: Concept (Properties of Ideal Gas)
Target: Concept (Connection between particulate and mathematical relationships) 
Responses to this question were not coded.
Objective 5: What do(es) the slope of the line(s) on your graphs represent in terms of 
the ideal gas equation?
Target: Concept (Connection between algebraic and graphical relationships) 
Responses to this question were not coded.
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Coding Scheme for Quiz 7 Objective 1
Level Attributes Example
0
Correct variables on graph axes 
Correct relationship between 
variables
Correct separation of slope for 
different temperatures
Correct variables on graph axes 
Correct relationship between 
variables
Incorrect separation of slope for 
different temperatures
Incorrect variables on graph axes 
Correct relationship between 
variables
Incorrect variables on graph axes 
Incorrect relationship between 
variables
Incomplete response 
Unrelated response
Variables: Pressure, moles 
helium
Relationship: linear (direct 
proportion)
For y=P, x=N, then slope(T3) > 
slope(T2) > slope(Ti)
Variables: Pressure, moles 
helium
Relationship: linear (direct 
proportion)
For y=P, x=N, then slope(T3) < 
slope(T2) < slope(Ti); or only 
one slope for all T
Variables: Pressure, temperature
Relationship: linear (direct 
proportion)
Variables: Pressure, temperature
Relationship: non-linear, 
negative slope
NA ■ No response
Collapsed Coding Scheme for Quiz 7 Objective 1 
New Level Original Level
1
0
4 ,3 ,2  
1,0, NA
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Coding Scheme for Quiz 7 Objective 3
Level Attributes Example
Correct variables on graph axes 
Correct relationship between 
variables
Correct separation of slope for 
different temperatures
Correct variables on graph axes 
Correct relationship between 
variables
Incorrect separation of slope for 
different temperatures
Incorrect variables on graph axes 
Correct relationship between 
variables
Incorrect variables on graph axes 
Incorrect relationship between 
variables
Variables: Pressure, moles 
helium
Relationship: linear (direct 
proportion)
For y=P, x=N, then slope(Yj) > 
slope(V2) > slope(V3)
Variables: Pressure, moles 
helium
Relationship: linear (direct 
proportion)
For y=P, x=N, then slope(Vi) < 
slope(V2) < slope(V3); or only 
one slope for all V
Variables: Pressure, temperature
Relationship: linear (direct 
proportion)
Variables: Pressure, temperature
Relationship: non-linear, 
negative slope
■ Incomplete response
■ Unrelated response
NA No response
Collapsed Coding Scheme for Quiz 7 Objective 3 
New Level Original Level
1
0
4 ,3 ,2  
1,0, NA
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Quiz 8
May 7, 2004
Objective 1: Is it possible to determine the value of the slope of the best-fit line in the 
graph shown above? Is so, state the value and explain your reasoning. If not, 
explain your reasoning.
Target: Reasoning (Proportional Relationships: identify proportional relationship) 
Target: Concept (Connection between symbolic and mathematical representations) 
Responses to this question were coded.
Objective 2: Which acid was used in this experiment? Explain your reasoning.
Target: Reasoning (Proportional Relationships: identify proportional relationship) 
Target: Concept (Coimection between symbolic and mathematical representations) 
Responses to this question were coded.
Objective 3: Use [acid] = 0.50 M and [NaOH] = 1.5 M, then how much sodium 
hydroxide (in mL) must be added to neutralize a 25 mL sample of sulfuric 
acid? A 25 mL sample of hydrochloric acid? Target: Reasoning (Proportional 
Relationships: identify proportional relationship, compare ratios)
Target: Reasoning (Proportional Relationships: manipulate proportional relationship) 
Target: Concept (Acid-Base Titration)
Responses to this question were coded.
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Coding Scheme for Quiz 8 Objective 1
Level Attributes Example
3 fi Use of or reference to chemical From the chemical equation, the
equation to determine slope slope (moles HCl/moles Ca) is 2.
2 m May write chemical equation The slope cannot be determined
m Need data values to compute slope without data values.
1 m May write chemical equation It looks about 1:1, so the slope
8 May suggest that data values are may be 1.
needed to compute slope
■ Estimates values of slope based on
angle of line
0 ■ Incomplete response States formula for slope.
B Unrelated response
NA a No response
Collapsed Coding Scheme for Quiz 8 Objective 1
New Level Original Level
2 3
1 2
0 1,0, NA
321
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Coding Scheme for Quiz 8 Objective 2
Level Attributes Example
3 ■ Use of or reference to chemical 
equations
■ Comparison of mole ratios
Sulfuric acid was used because it 
has a 2:1 mole ratio of base to 
acid. Hydrochloric acid has a 1:1 
mole ratio.
2 ■ Use or reference to mole ratio from 
one chemical equation
■ Incorrect comparison of mole 
ratios from both chemical 
equations
Sulfuric acid was used because it 
has a 2:1 mole ratio.
1 ■ No comparison of mole ratios
■ May write chemical equations
Hydrochloric acid was used 
because we used it in lab.
0 ■ Incomplete response
■ Unrelated response
NA ■ No response
Collapsed Coding Scheme for Quiz 8 Objective 2 
New Level Original Level
1 3,2
0 1,0, NA
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Coding Scheme for Quiz 8 Objective 3
Level Attributes Example
4 ■ Use of mole ratios 17 mL of NaOH are required to
■ Correct determination of volume of titrate 25 mL of H2SO4
base required to titrate both acids
8 mL of NaOH are required to 
titrate 25 mL of HCl
3 ■ Use of mole ratios for each titration Set-up error in calculation
■ Correct determination of volume of 
base required to titrate one acid
■ Incorrect determination of volume 
of base required to titrate an acid
No use of mole ratios
Use of simple formula MiVi =
M 2 V 2
Correct or incorrect determination 
of volume of base required to titrate 
one acid
1 ■ No understanding of solution
stiocbiometry
■ Use of molar weights in calculation
0 ■ Incomplete response
■ Unrelated response
NA ■ No response
Collapsed Coding Scheme for Quiz 8 Objective 3
New Level Original Level
2 4,3
1 2
0 1,0, NA
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Appendix H
Interview transcripts for Subjects A-L
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Interview Transcripts
The transcribed interviews for subjects A-K are available as word documents on 
the enclosed disk.
Subject A: Subject A.doc 
Subject B: Subject B.doc 
Subject C: Subject C.doc 
Subject D: Subject D.doc 
Subject E: Subject E.doc 
Subject F: Subject F.doc 
Subject G: Subject G.doc 
Subject H: Subject H.doc 
Subject I; Subject I.doc 
Subject J: Subject J.doc 
Subject K; Subject K.doc 
Subject L: Subject L.doc
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Data Sets
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Data Sets
The data sets generated in this study are available as SPSS documents on the 
enclosed disk.
Measures.spss
SALG.spss
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